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Abstract 
 Croatan and Roanoke sounds in North Carolina (NC) are regions constantly undergoing 
geomorphic changes associated with sea-level rise, storm events, and anthropogenic modification. 
These estuaries are part of the larger Albemarle-Pamlico Estuarine System (APES), a composite 
of drowned coastal plain river valleys and large bar-built shallow sounds fronted by the Outer 
Banks barrier islands. Changes in shoreline morphology driven by erosion and accretion, 
associated with oceanographic/atmospheric drivers (e.g., wave energy, fetch), influence modern 
sedimentological patterns and sedimentation rates in the APES. This research focused on the 
dynamics and controls of modern sedimentary processes (e.g., accumulation) and shoreline change 
on an anthropogenic time-scale (~100 years) around Roanoke Island, NC.   
Sedimentological, geochemical, and geospatial analyses provided the necessary 
information for modern interpretation of the geological processes at work within the past century. 
Surficial sediment analyses revealed variable grain-size patterns and high loss on ignition (% LOI, 
organic content proxy) across the region. Sediment accumulation rates (0.12 ± 0.01 cm/y to 0.37 
± 0.04 cm/y) varied over the long-term, and one location (DH-S17) displayed rapid episodic 
deposition (2.3 ± 0.5 cm/month). Long-term shoreline change (1915-2012) indicated net erosion 
of the system (-0.68 ± 0.05 m/y), with temporal changes observed in the intermediate time-
intervals, and more accretion was captured in the recent- and short-term (2007-2012: -0.24 ± 0.32 
m/y). Long-term shoreline change rates (SCRs) provided insight into chronic changes 
(hydrodynamic and geomorphic changes), while short-term rates, due to events (e.g., hurricanes), 
revealed episodic variations in accretion and erosion that might not represent the long-term 
patterns in the system.   
 Overall, the amount of sediment eroded from the shoreline over the 97-year interval (1915-
2012) was calculated to be 8.32 x 106 m3, with a mass of 4.16 x 109-8.32 x 109 kg (assuming a dry 
bulk density range of 0.5-1.0 g/cm3). A sediment accumulation budget of 9.32 x 103 m3/y (7.24 x 
106 kg/y) was calculated for two regions (offshore UNC CSI, Shallowbag Bay), and modern 
accumulation accounts for ~11% (8.57 x 104 m3/y) of the amount of annually eroded sediment. 
Data from this thesis indicate that the majority of eroded sediment is exported out of Croatan and 
Roanoke sounds. Spatial and temporal trends in shoreline change and accompanying sedimentary 
characteristics examined in this thesis provide insight to coastal managers and homeowners in 
systems similar to the Roanoke Island area. 
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1. Introduction 
 Coastal regions around the globe play a significant role in the world economy, as well as 
provide critical habitat to animals, plants, and humans. Understanding the dynamics of coastal 
systems is important to maintaining the sustainability of these regions. Diverse geologic settings 
make up coastlines, and specific processes have helped to create these distinguishable coasts. 
Inman and Nordstrom (1971) explained how the coast is governed by first- and higher-order 
geomorphic processes.  
 First-order processes refer to tectonics that influence the geologic structure and 
morphology of a coastline. Higher-order processes include second-order processes such as 
localized erosional and depositional patterns, followed by hydrodynamic processes (e.g., wave 
action, longshore transport) that create smaller coastal features (e.g., spits). Inman and 
Nordstrom (1971) also offer insight into how marine and terrestrial influences can alter a 
coastline, as well as the importance of millennial-scale sea-level change. These higher-order 
geomorphic processes have created much of the surficial coastal landscapes we observe today. 
The foci of this thesis are the higher-order processes, such as erosion and deposition in the 
Roanoke Island region of North Carolina, and how they influence the overall coastal morphology 
on a modern time-scale (~100 years).  
 This region of North Carolina is located on an Amero-trailing-edge coast, typical of the 
Atlantic Coast of the United States (Inman and Nordstrom, 1971). Many estuarine systems are 
found along this setting, including the Albemarle-Pamlico estuarine system (APES), which is 
separated from the Atlantic Ocean by the Outer Banks barrier island system (Figure 1). This long 
barrier chain is located on a Quaternary sedimentary geologic framework within the Albemarle 
Embayment in the Northern Coastal Province of North Carolina (Riggs and Ames, 2003; 
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Mallinson et al., 2008). This sedimentation study focuses on the Croatan and Roanoke sounds, 
with particular emphasis on the subtidal regions surrounding Roanoke Island (Figure 2). The 
back-barrier estuarine and Roanoke Island shorelines have received less attention than the ocean 
side of the Outer Banks, but face similar hazards (e.g., erosion) as well. There are approximately 
20,000 km (~12,000 miles) of estuarine shoreline in North Carolina, consisting of 65% marsh, 
20% swamp forest, 10% sediment bank, and 5% modified shorelines (McVerry, 2012). This 
region is constantly undergoing physical changes associated with sea-level rise, storm events, 
and anthropogenic modification. Shoreline erosion also has the potential to affect coastal 
sedimentation (e.g., sediment accumulation) (Tully, 2004; Marciniak, 2008; Eulie, 2014). This 
study builds on preliminary efforts by applying four primary objectives as follows: 1) to 
characterize the modern and surficial sedimentary patterns of the seabed; 2) to evaluate modern 
sediment accumulation; 3) to examine shoreline change over a range of temporal scales; and 4) 
to evaluate the sediment budget of the region. 
1.1 Background  
Many North Carolina barrier island segments have experienced shoreline loss on the 
back-barrier and ocean sides through storm events and disruptions in sediment supply (Timmons 
et al., 2010). The inability of overwash processes to supply new sediment to the back-barrier 
shoreline in many cases is further leading to island narrowing in many segments of the barrier 
system, in addition to anthropogenic modification of the shoreline (e.g., conversion of fringing 
marsh to developed shoreline). Currently much of the developed Outer Banks area, and 
undeveloped areas (e.g., Pea Island), are sediment starved, due to lack of overwash processes, 
further slowing or preventing landward migration (Riggs and Ames, 2003; Smith et al., 2008; 
Riggs et al., 2011). Anthropogenic shoreline modification (e.g., shoreline hardening) is taking 
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place throughout North Carolina, including those regions of interest in this study (e.g., Roanoke 
Island and the Nags Head back-barrier; McVerry, 2012). These shoreline modifications are used 
to reduce the potential erosion via long-term sea-level rise, and short-term storm impacts by 
waves (Riggs and Ames, 2003).  Wave energy not only leads to shoreline change, but also to 
changes within the seabed. Alterations in shoreline morphology and rates of change may 
influence how sediment is dispersed within the system, and where modern sediment is 
accumulating. With coastal property having great economic and ecological value, it is important 
to understand the mechanisms behind shoreline change and sedimentation in this region (Riggs 
et al., 2011).  
1.1.1 Shoreline Change 
 Riggs and Ames (2003) investigated shoreline erosion within the estuarine and coastal 
system of North Carolina via historical maps and aerial imagery analysis, and from their work 
and previous literature, they suggested that the recession rate is a function of shoreline type and 
fetch. Their research provided insight into variations in shoreline types (e.g., marsh) and drivers 
of erosion (e.g., storms). Riggs and Ames (2003) also believe climatic conditions associated with 
storms impact erosion, such as storm frequency, storm type and direction, storm duration and 
intensity, resulting storm tides, and currents and waves.  Based on qualitative observations 
throughout the APES, they suggest that storm tides allow for water to pile up along the shoreline, 
increasing coastal flooding and vulnerability to shoreline erosion, as wave energy is higher along 
the shoreline. Riggs et al. (2011) suggested that most shoreline erosion occurs as the result of 
acute high energy storm events, rather than a chronic day-to-day process. Both these studies note 
the importance of short-term storm impacts on dramatic erosional and accretional changes 
observed along the shoreline.  
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 Subsequent work has shown how estuarine shoreline change rates (SCR) can be 
controlled by differences in shoreline type (e.g., wetland, forest, sediment bank) and other known 
processes (e.g., Relative Exposure Index, fetch) (Cowart et al., 2010, 2011). To provide a more 
quantitative analysis, Cowart et al. (2010) conducted a case study of Cedar Island, North 
Carolina (NC), in which the estuarine shorelines in 1958 and 1998 imagery were digitized and 
compared. SCRs were calculated using transect- and point-based approaches, and data showed 
that erosion varied with land type.  
 Cowart et al. (2011) presented a case study of the whole Neuse River Estuary. From 
analysis of shoreline change trends over the same 40-year period (1958-1998), they determined 
that >93% of the shoreline in this area was actively eroding (Cowart et al., 2011).   An empirical 
relationship was developed to predict shoreline change rates based on mean fetch values. 
However, this equation overestimated erosion along high fetch shorelines, and underestimated 
erosion on sediment bank shorelines (Cowart et al., 2011). They acknowledged how these 
conservative predictions of erosion, based on fetch, may be more accurately estimated by 
incorporating shoreline type, wave energy, and shoreline modification.  
 A study on Cedar Island, Virginia (note, different from above) investigated shoreline 
erosion and accretion along a barrier system over varying time-scales (i.e., 1852-2007, 1994-
2007; Nebel et al., 2013). This study reported a positive relationship between shoreline retreat 
and storm frequency, stating that Cedar Island, VA has been undergoing shoreline retreat 
throughout the time-interval, and overall, the island has been narrowing (Nebel et al., 2013). The 
long-term (1852-2007) average SCR in the region (-4.1 m/yr) was comparable to past studies, 
but the short-term (1994-2007) average SCR was much higher (-12.6 m/yr), and may be related 
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to increased tropical storm activity after the 1970s (Nebel et al., 2013). This trend was also 
documented for adjacent Parramore Island to the south (Richardson and McBride, 2007).  
 Estuarine shoreline change may influence seabed sedimentation by increasing sediment 
loading. In Pamlico Sound, there is a central basin that acts as a depocenter where sediments are 
actively accumulating, and the potential for marsh-derived sediment contribution has been 
hypothesized (Tully, 2004).  Using shoreline erosion and sediment accumulation rates from 
Pamlico Sound, exported marsh sediment was estimated to be ~1.25 x 106 m3 (Tully, 2004). The 
total volume of accumulated sediment was estimated at ~13.6 x 106 m3 for the entire Sound 
(northern, central, southern), making the eroded marsh sediment contribution ~12% (Tully, 
2004).  Unlike Pamlico Sound, Croatan and Roanoke sounds have restricted flow, and there is no 
centralized depocenter. While higher rates of shoreline erosion will lead to greater delivery of 
sediment to a system, factors such as bathymetry, currents, and wave action will influence the 
fate of supplied sediment.  
1.1.2 Estuarine Sediment Dynamics 
 Estuaries act as sediment traps that continuously evolve with dynamic hydrologic 
conditions and geomorphic changes (Kjerfve and Magill, 1989; Nichols, 1989). Sediment 
accumulation in estuaries varies with location due to differences in sediment input, 
hydrodynamic conditions, freshwater inflow, and geomorphology (Nichols, 1989). Rates of 
sediment accumulation in lagoonal estuarine systems (i.e., APES) can be categorized into three 
scenarios with respect to sediment input and relative sea-level (RSL) changes: (1) an 
accretionary “surplus”, if the accretion rate exceeds the RSL rise rate; (2) an accretionary 
“deficit”, if RSL rise exceeds the accretion rate; and (3) a balance between the two processes 
(Nichols, 1989). 
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 Sediment to an estuarine or lagoonal system can be derived from river input, the 
continental shelf, shoreline erosion, and by autochthonous biogenic production (Wells and Kim, 
1989). Within the APES, most of the sediment in the deeper central basins consist of fine silt and 
organic-rich clays (Wells and Kim, 1989). This is also characteristic of the embayed river 
mouths and channels feeding the sounds, which act as traps for some of the fine sediment. Fine 
sand occurring along basin edges is thought to be the result of shoreline erosion from wave 
energy. The majority of the sand within eastern Pamlico Sound is believed to be derived from the 
barrier islands, adjacent shoals, and offshore sources (Wells and Kim, 1989). Organic-rich 
sediment (average composition: 10.7% organic matter, 76.2% mud, 13.1% sand) is the dominant 
sediment type in the Albemarle estuarine system (Riggs, 1996). Fine to medium quartz sand 
makes up the shallow perimeter platforms within the Albemarle estuarine system (Wells and 
Kim, 1989).  Shoreline recession supplies sand and mud to the deeper basin, mixing with fluvial 
inputs from the rivers (Riggs, 1996).  
Lead-210 (t1/2: 22.3 years) dating is potentially useful for examining recent 
sedimentation. This technique has been used in North Carolina estuaries in numerous studies 
(Cooper et al., 2004; Tully, 2004; Abbene et al., 2006; Vance et al., 2006; Corbett et al., 2007; 
Corbett et al., 2009; Mattheus et al., 2010; Eulie, 2014), and in other coastal marsh and 
continental margin settings (Sommerfield and Nittrouer, 1999; Alexander and Venherm, 2003; 
Leorri et al., 2014). The short half-life of 210Pb allows sediments to be dated up to approximately 
five half-lives (~120 years; Corbett and Walsh, 2014). Lead-210 is a naturally occurring 
radioisotope, which is produced in the atmosphere, water, and soil through decay of 222Rn (t1/2: 
3.82 days). Wet and dry deposition delivers atmospheric unsupported (excess) 210Pb to the 
estuarine environment, where additional 210Pb may also be produced within the water column via 
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decay of 226Ra. Radium-226 is the long-lived parent (t1/2: 1602 years) of 
210Pb, which decays to 
222Rn, ultimately producing 210Pb (Corbett and Walsh, 2014) (Figure 3). Additional excess 210Pb 
is scavenged onto particles in the water column before settling on the seabed. This excess 210Pb, 
can be used for establishing a geochronology of sediments in many coastal systems (Corbett and 
Walsh, 2014).  
Cesium-137 (t1/2: 30.2 years) is an anthropogenic radioisotope derived from nuclear 
weapons testing in the 1950s-1960s and is often used to corroborate 210Pb age dates (Corbett and 
Walsh, 2014). Maximum fallout occurred around 1963, creating a distinct peak in some sediment 
archives (Pennington et al., 1973). In areas of rapid sediment input and potential mixing, another 
short-lived isotope, 7Be (t1/2: 53.3 days), can be used to evaluate sediment deposition over an 
annual time-scale (Walling, 2013; Walsh et al., 2014). This isotope is a naturally-occurring, 
particle-reactive tracer, which is produced by cosmic ray spallation of nitrogen and oxygen in the 
stratosphere and troposphere (Tully, 2004; Walling, 2013).
 2. Study Area 
2.1  Regional Setting 
 The development of the modern day APES is a result of sea-level rise after the Last 
Glacial Maximum, ~18,000 years before present (BP) (Riggs et al., 2011). The paleo-Roanoke 
River valley in the vicinity of the modern Albemarle Sound flooded first, approximately 12,000 
years BP. By 9,000 years BP, the Tar-Pamlico and Neuse paleo-river systems beneath modern 
Pamlico Sound began to flood (Riggs et al., 2011). Inundation of these river valleys led to the 
formation of small estuaries, separated from the Atlantic by a peninsula region known today as 
Hatteras Flats.  By 8,000 years BP, the modern coastal system began to develop (Riggs et al., 
2011). This peninsula region was drowned around 7,000 years BP, initiating the modern day 
barrier island system, which formed more fully over the past 3,500 years (Riggs et al., 2011). 
Within the past few millennia, the barrier system has migrated landward and undergone 
numerous changes, including inlet formations and closures (Riggs et al., 2011). Relative sea-
level rise rates are thought to have fluctuated over the past 2,100 years, with a general increase in 
relative sea-level rise (Kemp et al., 2011). The rate of relative sea-level rise for the 20th century 
was between 3.0-3.3 mm/y for northeastern North Carolina (Kemp et al., 2009). Rates presently 
vary along the United States Atlantic coastline, with the highest relative sea-level rise rates in the 
Mid-Atlantic for the 20th Century (Kemp et al., 2014; Figure 4). Presently, NOAA tide gauge 
measured sea-level rise rates range between 3.9-4.6 mm/y in the study area (Oregon Inlet-Duck, 
NC), based on records from 1977-2014 (http://tidesandcurrents.noaa.gov/sltrends/sltrends.html). 
 Often classified as a lagoonal estuary, the APES is a shallow system with limited 
seawater-estuarine exchange, due to very few inlets, and receives fresh water input from four 
major river systems (i.e., Chowan, Roanoke, Tar-Pamlico, and Neuse) and other smaller 
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waterways (Wells and Kim, 1989). The APES is shallow, reaching approximately 7 m in the 
central basins of Albemarle and Pamlico sounds (Wells and Kim, 1989; Riggs, 1996).  It is a 
micro-tidal estuary with an astronomical tidal range of 10–100 cm, with increasing range near 
the inlets. Strong winds associated with storms have a dramatic effect on water levels by 
increasing the water buildup in the direction of prevailing wind (Wells and Kim, 1989; Riggs and 
Ames, 2003). Croatan and Roanoke sounds, connecting Albemarle Sound and Pamlico Sound, 
are separated by Roanoke Island (Figure 5). Compared to Albemarle Sound, salinity is much 
higher in Pamlico Sound (15-20 ppt) and in the southern reaches of Croatan and Roanoke sounds 
due to the proximity of Oregon Inlet (Wells and Kim, 1989; Riggs, 1996). The overall 
biodiversity in the APES is limited, typical of some brackish-water estuaries, with decreasing 
fauna/flora (e.g., seagrasses) to the north away from Oregon Inlet (O’Connor et al., 1973). 
2.2 Geologic Evolution 
 The Roanoke Island area is located in the Albemarle Embayment, within the Northern 
Coastal Province, and the upper 55-60 m of sediments in the Roanoke Island region is 
Quaternary in age (Parham et al., 2007), with areas in the northern Pamlico Sound containing up 
to 90 m of Quaternary sediments (Mallinson et al., 2005, 2010; Thieler et al., 2014). The 
lithofacies have been categorized in several studies of the Roanoke Island region, to understand 
the paleoenvironment and sea-level controls throughout the Quaternary (O’Connor et al., 1973; 
Eames, 1983; Rudolph, 1999; Parham, 2003; Parham et al., 2007).  Eight lithofacies comprise 
the Holocene sediments within Croatan Sound, which comprise the surficial sediments in some 
locations (Figure 6) (Rudolph, 1999). Quartz sand is the most common surficial unit, covering 
<0.75 m across majority of the sound. This layer likely represents reworked (eroded and 
winnowed) sediments that move with the currents, and in some areas, it appears as much as 
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3,500 years of estuarine depositional history has been erased due to active scouring (Rudolph, 
1999; Riggs and Ames, 2003). 
 The characterization of the Holocene sedimentary record in Croatan Sound has allowed 
for further interpretation into the modern sedimentary system (O’Connor et al., 1973; Rudolph, 
1999). In ~1817, Roanoke Inlet closed, likely causing a change in hydrodynamics, diverting 
water flow to the south (O’Connor et al., 1973). While the inlet was open, water from Albemarle 
Sound likely passed through Roanoke Sound to Roanoke inlet and out into the Atlantic Ocean 
(O’Connor et al., 1973 and Rudolph, 1999). Caffey’s Inlet also closed between 1811-1829, 
which would have further restricted water flow in Currituck Sound, moving it towards the south 
(Pilkey et al., 1998). With the inlet closures, tidal and fluvial flow was likely focused through 
Croatan Sound into Pamlico Sound. This change in hydrodynamics led to the switch from a 
depositional to erosional regime in Croatan Sound, and to a more depositional regime in 
Roanoke Sound (Figure 7) (O’Connor et al., 1973; Rudolph, 1999; Riggs and Ames, 2003). This 
augmented water flow deepened Croatan Sound and widened it through shoreline erosion, 
yielding an enlarged cross-sectional area (O’Connor et al., 1973; Riggs and Ames, 2003). 
Marshes that previously covered the southern boundary of the former Croatan Bay have 
undergone extensive erosion over the past 200 years (Figure 8). These marshes, known as the 
Roanoke Marshes, and referred to throughout this study, stabilized and accreted laterally from 
the period of about 2,100 years BP until the early 1800s (Rudolph, 1999).  
The surface sediments of Roanoke and Croatan sounds have been classified by O’Connor 
et al. (1973) into nine different types, with differences related to bathymetry, sediment source, 
and underlying geology (Figure 9) (O’Connor et al., 1973). The finest sediments were mapped in 
the deeper channels of eastern Croatan Sound. Shell-rich deposits are evident in deeper channels 
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in northern Croatan Sound that are sourced from nearby oyster bioherms (O’Connor et al., 1973). 
These shell-rich gravel deposits also provide evidence of the erosive nature of the sound floor, 
likely by storm-enhanced currents. Peat and organic-rich mud occur off of the shorelines of 
Croatan Sound, with variable amounts of mud and sand throughout the sound. Roanoke Sound is 
mostly covered by clean sands associated with tidal channel and overwash deposits near/from 
Bodie Island (O’Connor et al., 1973). 
2.3 Climate and Hydrodynamics 
 Prevailing winds are southwest in the summer, and northeast in the winter (CRONOS 
Database, NC State Climate Office). During winter months, high pressure systems may interact 
with low pressure trough systems moving across the U.S., to produce counterclockwise 
circulation patterns and potentially strong nor’easters (Benton, 1980). In summer months, the 
Bermuda High pressure system is dominant offshore due to the presence of the Subtropical 
Convergence Zone (Benton, 1980). The region is prone to hurricanes and tropical storms, and 
362 tropical cyclones have affected NC between 1851-2014, with 73 making landfall, and 289 
occurring within a 241 km radius of the state (NC State Climate Office). While Roanoke Sound 
currents are significantly wind-driven (Singer and Knowles, 1975), flow in southern Roanoke 
Sound is influenced by flood and ebb tides at Oregon Inlet. Water flow in Croatan Sound is also 
influenced by prevailing wind, but under calm conditions, the water flow is generally to the 
south (Singer and Knowles, 1975).
3. Methodology 
3.1  Sample Collection 
 Eighty-four estuarine surface samples (Figure 10), five short push-cores (13-40 cm; 
Figure 10), and 18 marsh shoreline/mud flat grab samples (Figure 11) were collected between 
December, 2013 and January, 2015. In addition to sediment and core samples, geophysical data 
(i.e., side-scan sonar and chirp seismic) were also collected to examine the estuarine stratigraphy 
directly west of the UNC Coastal Studies Institute (UNC CSI) site (Figure 12). See Appendix A 
for a table of all sample locations. 
3.2  Surface Sediment Analyses 
 A Ponar grab sampler was used to retrieve bulk surface sediment. Between 100-500 
grams of wet sediment was placed in a plastic bag and stored in a refrigerator until analysis.  
After being homogenized, a small wet subsample was weighed and then dried in an oven at 40-
60oC for at least ~1 day.  Porosity (n) was determined based on the mass loss by drying and 
assumptions of the water and particle density for all surface and marsh grab samples and each 
core interval through the following equation: 
𝑛 =
(water volume (cm3))
(water volume (cm3) + dry volume (cm3))
 
where the water volume is:  
(wet sediment weight (g) − dry sediment weight (g))
1.015 (
g
cm3
)
 
where 1.015 g/cm3 represents the average water density (based on average salinity) of the region.  
The dry volume is denoted by: 
dry sediment weight (g)
2.65 (
g
cm3
)
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with 2.65 g/cm3 representing an average particle density (i.e., mud to sand dominated samples). 
For marsh grabs taken from the shoreline edge, a particle density of 1.3 g/cm3 was used in place 
of 2.65 g/cm3 to better represent the higher plant and organic material. The 1.3 g/cm3 value is 
from the lower end (1.3-1.4) of averaged organic matter/wetland soils from published studies 
(Redding and Devito, 2006). Remaining wet sediment was used for the description of 
sedimentological characteristics (e.g., color changes), grain-size analysis (Open File Report  00-
358, http://pubs.usgs.gov/of/2000/of00 358/text/chapter1.htm, 
http://woodshole.er.usgs.gov/openfile/of2005-1001/htmldocs/videos/dry_sieve/dry_sieve.htm), 
and loss on ignition (LOI) (Dean, 1974; Heiri et al., 2001). 
3.3  Sediment Core Analyses 
 Five short push-cores of varying length (13-40 cm) were collected from Croatan and 
Roanoke sounds (Table 1). A 22-cm-long core was collected in Shallowbag Bay, part of 
Roanoke Sound. Three cores were obtained in Croatan Sound off of the UNC CSI site in Croatan 
Sound. Finally, a 32-cm push core was collected from a relatively deep channel (4.9 m) off of the 
southwest shore of Roanoke Island. All of these cores were collected with a 10.2 cm (4-inch) 
diameter push coring device, mounted to a 3 m PVC core extender. The core was sectioned on-
site at 1 to 2 cm intervals, placed in collection bags, and stored in a refrigerator until analysis. 
Methods of sediment analysis were identical to those for the surface samples. 
3.4  Grain-Size Analysis 
 Information on the sample grain-size distribution was determined for surface, core, and 
marsh samples. Samples were sieved to obtain fractions of sediment grains ranging from <63 µm 
to 2 mm (larger than 4 ɸ to -2 ɸ), representing the mud portion to very fine gravel. The 
GRADISTAT software program was utilized for calculating statistics on samples containing 
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<5% mud. Core samples were wet sieved through a 63 µm sieve to remove the mud fraction, and 
the sand fraction was saved to calculate the mud content. See Appendix B for detailed grain-size 
procedures.  
3.5  Loss on Ignition 
 Loss on ignition (LOI) is a proxy for the amount of organic matter present in a sediment 
sample. All five cores (100 samples, 1-2 cm intervals), 55 surface samples, and 18 marsh/mud 
flat grab samples were examined for LOI. Between 1-10 grams of dried homogenized sediment 
was weighed, placed into a small porcelain crucible and combusted in a muffle furnace for 12 
hours at 550oC. LOI was determined from the mass difference from before and after combustion 
(Dean, 1974; Heiri et al., 2001).  
3.6  Geochronology 
Approximately 10-25 grams of dried homogenized sediment was taken from each 
sectioned core interval and packed into plastic petri dishes. Each dish was sealed and left 
undisturbed for three weeks to reach secular equilibrium of 226Ra and its short-lived daughters 
(Schelske et al., 1994). Samples were then counted on a low-background, high-efficiency, high-
purity Germanium detector for ~1 day. The detectors were calibrated for efficiency at the 
energies of interest using several natural matrix standards (IAEA-300, 312, 314). Activities for 
the following radioisotopes were measured: 210Pb (total and excess), 7Be, and 137Cs.  
Excess 210Pb (46.5 keV), total 210Pb minus that supported via 226Ra, was used for 
sediment accumulation rate calculations. Gamma spectroscopy provides total 210Pb (in-situ 
production + scavenged 210Pb). Cesium-137 (661.7 keV), a well-documented anthropogenic 
bomb-produced radioisotope, was also examined to see if the maximum radioactive fallout date 
(1963) peak could be used in conjunction with 210Pb to obtain sediment age and accumulation 
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rates (Pennington et al., 1973; Corbett and Walsh, 2014). If cores showed nearly vertical 210Pb 
activity with depth, 7Be (477 KeV) was used to examine the potential for rapid sediment 
deposition and/or mixing (Cochran and Masqué, 2004; Walsh et al., 2014).  
 The constant flux:constant sedimentation (CF:CS) model was applied to each core to 
determine a linear sediment accumulation rate, assuming: 1) quick removal of 210Pb from the 
atmosphere and water column onto sediment particles (constant initial activity); 2) 210Pb is 
immobile once scavenged; 3) no interruptions in deposition exist through time (constant 
accumulation rate); and 4) a constant and unchanging sediment flux through time (Corbett and 
Walsh, 2014). A linear sediment accumulation rate (SAR) is calculated using: 
 Az = Aoe
-λ (z/SAR) 
where Az is the activity at depth (dpm/g), Ao is the initial activity (dpm/g), λ is the decay constant 
(0.03114 y-1) of 210Pb, z is the sample depth interval (cm), and SAR is the linear accumulation 
rate (cm/yr) (Corbett and Walsh, 2014). The SAR can be obtained based on the best fit slope for 
the natural log of excess 210Pb versus sample depth (Corbett and Walsh, 2014). This utilizes the λ 
divided by the slope to calculate the SAR. Age of the sediment at specific depths can also be 
calculated by the relationship between depth and the SAR. Errors in the SAR are calculated by 
taking the standard error from linear regression of the excess 210Pb activities down-core, and 
dividing that value by the product of the slope of best fit line and SAR.  
3.7  Shoreline Change Data Collection and Analysis 
 All aerial imagery was georeferenced and the shoreline digitized to evaluate shoreline 
change over different time-scales (Geis and Bendell, 2008). Previously digitized shoreline 
shapefiles from 2007 and 2012 imagery were obtained from the NC Division of Coastal 
Management (http://portal.ncdenr.org/web/cm/). Additional aerial imagery for 1947, 1949, 1974, 
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and 1975 were obtained from the Dare County Tax Office, Dare County Soil and Water 
Conservation District, and the National Park Service in Manteo.  Georeferencing required 
between seven and nineteen ground control points in a second-order polynomial transformation 
in Esri ArcMap to reference the image to a known coordinate system (Cowart et al., 2010, 2011). 
Once georeferenced, a zoom tolerance of between 1:300 and 1:1000 was utilized for heads-up 
shoreline digitization. The digitization process involved tracing the vegetated edge of the 
shoreline or the wet/dry line within the aerial image (Geis and Bendell, 2008; Cowart et al, 2010, 
2011).   
 Historical shoreline surveys (i.e., T-sheets from 1915 and 1949) were also downloaded 
from the National Oceanic and Atmospheric Administration’s National Ocean Service (NOAA-
NOS) website (http://oceanservice.noaa.gov/news/features/feb13/historical-shoreline.html). For 
the 1915 survey, a plane table was used to construct shoreline positions and topographic features 
on a 10 ft contour interval for a T-sheet at a scale of 1:40,000. This survey was completed 
between May-October of 1915. The second T-sheet (1949) was created at a 1:20,000 scale, and 
used aerial imagery from 1949. Plane tables were used for contouring directly onto the aerial 
imagery. It is stated in a summary report for this T-sheet that a field check was completed and no 
horizontal error was detected. A quote from the report reads:  “During the supplemental field edit 
by J.E. Hundley, reference measurements were taken from station “MANNS POINT RM, 1903” 
to identifiable shore features. No error in position could be detected.” (U.S. Coast and Geodetic 
Survey Descriptive Report, 1955).    
 Both T-sheets (1915, 1949) meet the current National Map Accuracy Standards, and 
when digitization of the maps was completed by NOAA, error was not reported 
(http://shoreline.noaa.gov/data/datasheets/t-sheets.html, accessed 2/19/2015). All of the T-sheets 
17 
 
within NOAA’s Historical Shoreline Survey are referenced to the North American Datum of 
1983 (NAD83). In a three volume publication (Shalowitz and Reed, 1962, 1964, 2000), the uses 
and interpretation of coastal and geodetic survey data, with legal and economic implications, are 
presented. Volume 2 (1964) addresses the analysis and interpretation of topographic surveys and 
states that the absolute estimates of accuracy for historical topographic surveys are not known, 
since methodology differed between surveys (e.g., plane table vs. aerials). In general, initial 
surveys are considered accurate; however, potential error estimation is provided for each T-sheet 
(Shalowitz, 1964; University of Hawaii Coastal Geology Group, 2009). 
3.7.1 AMBUR Analysis 
 The AMBUR package is a function-based program that uses scripts within the R software 
program to analyze moving boundaries (e.g., shoreline change) (Jackson et al., 2012). Shoreline 
shapefiles for the years of 1915, 1949, 2007, and 2012 were clipped in ArcGIS to encompass the 
same coverage area, and merged together into one shapefile (Figure 13). Within AMBUR, the 
focus area was selected and outer and inner baselines were created. Transects were cast 50 m 
apart and with a 700 m length, to analyze the shoreline envelope (Figure 14).  Additional 
filtering of transects was completed to reduce poorly cast transects (e.g., not shore-perpendicular 
or intersecting other transects), and shoreline capture points were created for analysis. The 
placement of capture points accounted for changes in shoreline position for each time-step, and 
the end-point rate result was used to evaluate shoreline change rates (i.e., SCR) (Jackson, 2010 
and Jackson et al., 2012).  
3.8  Geophysical Parameters 
 Bathymetry of the study area was obtained from NOAA’s National Geophysical Data 
Center (http://maps.ngdc.noaa.gov/viewers/bathymetry/). Individual point soundings from three 
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initially separated surveys were imported into ArcMap, and the KRIGING tool was used to 
create a bathymetric map. All surveys utilized the 1983 North American Datum as the horizontal 
datum for the final products. The first survey was conducted in 1850-1851 for Albemarle, 
Currituck, Roanoke, and northern Croatan sounds.  The second survey of interest occurred in 
1937 and focused on Oregon Inlet, southern Roanoke Sound, and northern Pamlico Sound. The 
third point sounding dataset used was for Croatan Sound, and the survey was completed in 2002. 
The three datasets were used to create a single bathymetric layer into one raster, so that the 
averages of areas that overlapped were used and the surface smoothed.  
 Seismic data for this project was collected using an EdgeTech Chirp 2-16 kHz sub-
bottom profiling system.  Side-scan data were obtained with an EdgeTech 4125-P.  Both were 
deployed off of the R/V Stanley R. Riggs in May-June, 2014. The chirp and side-scan sonar tow 
fishes were both towed just below (~0.5 m) the water surface. A total of 28 chirp seismic lines 
(~25 km) were collected.  The EdgeTech SEG-Y data was imported into the Seismic Micro-
Technology (SMT) Kingdom Suite software, where navigation files were combined with the 
SEG-Y data after necessary corrections applied in Microsoft Excel. Horizons were digitized 
based on observable features (e.g., reflections, structures). Particular attention was given to 
identifying recent horizons, due to the focus of this study on modern sedimentation (past ~100 
years).
4.0 Results 
4.1 Surficial Sediments 
4.1.1 Estuarine Sediments 
 A total of 79 samples were analyzed for grain-size (Figure 15), of which 41 contained 
less than 5% mud.  The GRADISTAT statistical software program was used to calculate grain-
size parameters for the sand and gravel fraction, and mud content was sufficiently small to have 
little influence (Blott and Pye, 2001). For the remaining 38 samples, nine contained a large 
portion of unconsolidated organic fragments (e.g., twigs, peat material) and were wet sieved 
through a 63µm sieve. The remaining organic fragments were assumed to not be a true 
representative bulk sediment sample and were not dry sieved. The remaining 29 samples, 
containing more than 5% mud, are presented only in regards to total percent mud present, due to 
the fact that phi sizes finer than 4ɸ were not quantified (Figure 16). Weight percentages at half-
phi intervals (>4 to -2) for 70 samples are presented in Appendix C. The >4ɸ value incorporates 
all potential mud sizes into one representative value, since clay and silt were not quantified. 
 Generally, the sediment fined with increasing distance from Roanoke Island, although 
some areas showed higher mud content directly adjacent to the shore (e.g., near UNC CSI, 
Figure 16). From the GRADISTAT analysis of the sand-dominated samples (<5% mud), four 
textural groups were identified: slightly gravelly sand (35), sand (3), gravelly sand (2), and sandy 
gravel (1). The majority of the 41 samples were unimodal (35), with the remaining bimodal (6). 
These samples ranged from very well sorted to poorly sorted, and were fine to very coarsely 
skewed (Appendix D). 
 Eighty-two surface samples were analyzed for porosity (Figure 17). The lowest porosity 
value was 34% for site RI-SW-2 (coarsest sample), and the highest value was 95% for site RI-
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PS-1 (muddy peat material). The LOI of surface samples ranged from 0.3% to 10.5% (Figure 
18). The largest value of 10.5% occurred at site DH-S17, located in a deeper channel area (4.9 m 
water depth), which was also a coring site. A table of the locations, water depths, and general 
field descriptions of the 79 samples used for grain-size analysis is presented in Appendix E.  
4.1.2 Marsh Shoreline Grabs 
 A total of 18 grab samples were collected along the top edge of marsh shorelines in seven 
regions around the study area (Table 2). LOI analysis was performed on all 18 samples, while 
grain-size analysis was determined on 11 samples (Table 2). Marshes show high variability in 
LOI and grain-size (Table 2). A total of three samples from shoreline areas of the UNC CSI and 
Nags Heads Woods sites were collected, analyzed and numerically averaged to provide 
representative values for these marsh shorelines. The UNC CSI marsh shoreline sediments 
generally had higher organic content and were muddier, while the Nags Head Woods samples 
were dominated by sandy material (~48% sand). Samples from the Whalebone and Pt. Peter sites 
were dominated by organic-rich mud at the scarp edge (>44% mud). Sandier sediment was 
typical at the Shallowbag Bay site (SB-Manteo, ~46% sand). High amounts of sand (>85%) were 
measured from sites around Bodie Island and Mann’s Harbor. 
4.2 Estuarine Cores 
 The three cores in the region off of the UNC CSI site varied in grain-size content, LOI 
percent, and porosity. Core CSI-N-3 was dominated by peat material (3-13 cm) and was not 
sieved for grain-size analysis due to the amount of organic marsh material present. The LOI 
levels were lowest in the top 3 cm of the core, and increased down-core where more peat 
material was visually present. Porosity was high (>80%), except at a depth of 2.5 cm (46%). 
CSI-N-5 contained >50% mud from 1-20 cm, and <50% mud from 20-40 cm, with the exception 
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of the sample at 25 cm (59% mud).  The LOI percent was variable down-core, but an increase 
was noted deeper than 20 cm where a large amount of visual organic matter was present (e.g., 
peat fragments). The variation in porosity was similar to that of LOI percentages, lower from 0-
20 cm, and higher at 20-30 cm depth. Grain-size for CSI-S-5 varied throughout, with minor 
changes between sand and mud content in the top 14 cm, and LOI was highest in the top 6 cm. 
Overall, porosity decreased down-core, but was still variable (porosity >63%), with the top 1 cm 
containing the highest value (~92%). See Appendix F for additional details for the UNC CSI 
cores, and Figure 19 for LOI trends down-core. 
Core CSI-N-5 had a linear accumulation rate of 0.37 ± 0.04 cm/y. Only the data between 
5 and 20 cm of depth was utilized, due to potential mixing in the first 5 cm, and older peat 
material below this interval (Figure 20). Based on this sediment accumulation rate, this interval 
is representative of the early 1970s to ~2011.  Core CSI-S-5 was calculated to have a linear 
accumulation rate of 0.26 ± 0.02 cm/y for the same interval (Figure 21). An accumulation rate 
could not be calculated for core CSI-N-3 due to the dominance of old peat material. Grain-size 
for DH-S17 was highly variable down-core, and two sandy layers (>40% sand) were present at 
about 6 cm and 20 cm depth.  These were associated with reduced excess 210Pb activity (Figure 
22). LOI amounts varied down-core (Figure 19), with the lowest value corresponding to the 
highest sand content. Porosity generally varied with grain-size and LOI, with a decrease in 
porosity seen with decreasing mud content and lower LOI. See Appendix F for additional core 
details. Excess 210Pb activities in this core were nearly vertical, indicating either significant bio-
physical mixing or rapid deposition. Given the down-core decrease in 7Be and laminations of 
sand, rapid sedimentation events were hypothesized. Modeling the 7Be isotopes in the same way 
as 210Pb (assuming CF:CS), a rapid deposition rate of 2.3 ± 0.5 cm/month was obtained. 
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 RI-SB-4 was mud-dominated (>50% mud) at the surface and gradually decreased to 20% 
mud at 20 cm.  LOI (Figure 19) and porosity percentages were >10% and >90%, respectively, 
near the surface and decreased with depth (Appendix F). Activity data from RI-SB-4 suggest a 
shift in sediment accumulation with time or a potential event-related deposition in the top 8 cm 
(Figure 23; Figure 24: 0-8 cm vs. 8-20 cm). A whole core sediment accumulation rate was 
calculated to be 0.12 ± 0.01 cm/y. However, taking into account the apparent shift in the slope of 
the down-core 210Pb, accumulation rates of 0.37 ± 1.0 cm/y from 0-8 cm and 0.08 ± 0.01 cm/y 
from 8-20 cm were estimated. Appendix G displays all CF:CS modeled accumulation rates and 
ages for the cores in this study. Due to low activities and no peak in 137Cs corresponding to the 
1963 layer, 137Cs was not used for chronology for any cores.  
4.3 Shoreline Change Assessment 
Using shorelines from four time-steps (1915, 1949, 2007, and 2012) SCRs from four 
time-intervals were determined: 1915-2012, 1915-1949, 1949-2012, and 2007-2012. With these 
multiple intervals, temporal variations could be evaluated throughout the system. All intervals 
indicated net erosion when averaging change across all points. SCRs from a total of 3,420 
transects were used. The mean change rates for each interval are presented in Table 3. 
 Based on several error sources (i.e., Shalowitz, 1964; University of Hawaii Coastal 
Geology Group, 2009), the positional error associated with each T-sheet was determined to be 
±5.1 m. An error of ±1.1 m was determined for the 2007 shorelines by averaging all of the 
horizontal error values in the attribute table. No attribute data regarding horizontal accuracy was 
received for the 2012 shoreline, but since the same methodology and imagery-type was used, a 
±1.1 m error was assumed. AMBUR analysis of each time-interval provided lateral shoreline 
change rate errors (SCR error) that incorporated the errors for each data set. These errors are 
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dependent on the amount of time between aerial imagery and T-sheets, and therefore differed for 
each time-step: 1915-2012 (± 0.05 m/y), 1915-1949 (± 0.21 m/y), 1949-2012 (± 0.08 m/y), and 
2007-2012 (± 0.32 m/y). For comparisons in SCRs between intervals, the maximum error of ± 
0.32 m/y was considered “significant”, focusing only on change outside of the largest error, and 
was used to examine rates greater than that for both erosion and accretion (e.g.,  ≥0.32 m/y, 
≥0.32 m/y, respectively). 
 The 1915-2012 interval provided the longest time to evaluate net change (i.e., 97 years; 
Figure 25). Maximum erosion over this interval occurred along the Dare County mainland on the 
western shore of Croatan Sound. A total of 1,956 m was eroded; with a maximum erosion rate of 
20.2 m/y at this location (indicated by hot pink in Figure 25). Maximum accretion (i.e., +229 m 
or 2.4 m/y) was observed in the back-barrier system in the Whalebone Junction region. The 
majority of measurable accretion was seen along the back-barrier shoreline and in some localized 
areas of Roanoke Island and the mainland.  Overall, 54% of the shoreline was significantly 
erosional (erosion rate ≥0.32 m/y) and only 7% of the measured shoreline displayed significant 
accretion (accretion rate ≥0.32 m/y).  The mean change rate was -0.68 ± 0.05 m/yr for all data, 
indicating net erosion of the system, and ~80% of the shoreline eroded.  
 The highest rates of erosion for 1915 to 1949 (i.e., >30 m/y) were observed along 
southwestern Croatan Sound (Figure 26). The maximum accretion (i.e., >250 m, 8 m/y) was seen 
at a sand spit along the northwestern edge of Roanoke Island, the site of the current Manteo 
Airport. Areas that experienced accretion in this interval were similar to the regions observed in 
the long-term (i.e., back-barrier areas). During this interval, 57% of the shoreline eroded at a rate 
≥0.32 m/y, and 19% of the shoreline accreted at a rate of ≥0.32 m/y. The overall mean rate of 
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change (net erosion and accretion) was -0.78 ± 0.21 m/y for the time-interval, and ~70% of the 
shoreline underwent erosion.  
 From 1949-2012, erosion was common in regions that previously displayed accretion 
along the developed portion of the back-barrier marshes and sediment bank shorelines (Figure 
27), but lower rates of erosion were observed along the mainland shoreline (southwestern 
Croatan Sound) and the central-western Roanoke Island shoreline. Overall, the maximum 
erosion and accretion was lower (i.e., -1,390 m and  +191 m, respectively), and the maximum 
erosion occurred in the same area as other time-intervals, while the maximum accretion was an 
ephemeral sand spit along the northeastern shore of Roanoke Island. This interval displayed 
lower extremes of erosion and accretion (intermediate-intervals are statistically different, p = 
0.0005), with only 46% of the total shoreline having eroded at ≥0.32 m/y, while 4% accreted at 
≥0.32 m/y. The mean change rate (-0.63 ± 0.08 m/yr) and percentage of erosion (~82%) was 
similar to the 1915-2012 interval.  
 An evaluation of more recent short-term shoreline change (2007-2012) was made to 
contrast with information captured over longer-terms (Figure 28). Isolated locations with higher 
rates of erosion (i.e., >10 m/y) were seen along the mainland and Roanoke Island, particularly 
along undeveloped shorelines, not influenced by hardened structures. Also, high erosion was 
seen around small islands on the southern end of Roanoke Island (e.g., >83 m of erosion over 5 
years) (Figure 29). Unlike other time-intervals, more accretion was observed along portions of 
the western and northern shorelines of Roanoke Island, suggesting the importance of short-term 
accretionary processes. These areas of accretion existed dominantly along sediment bank 
shorelines along NE Roanoke Island, SW Roanoke Island, and NE Roanoke Sound. 
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 The largest accretion rates observed (>30 m/yr) were seen along a thin, growing sand spit 
along the northeastern edge of Roanoke Island. This spit has migrated southeastward, and 
transects cast in this region capture changes, but these rates reflect geomorphic dynamics rather 
than a true lateral (shore-normal) translation of the shoreline. Erosion of ≥0.32 m/y occurred over 
29% of the shoreline, and 18% of the shoreline accreted at ≥0.32 m/y. The mean change rate (-
0.24 ± 0.32 m/yr, ~58% erosion) was much lower than the other intervals 
4.3.1 Shoreline Attributes 
 Many regions of Roanoke Island lacked aerial imagery for the 1974 time-step. Each time-
step and the type of shoreline (e.g., swamp forest, marsh, sediment bank, modified, and 
miscellaneous) are presented in Table 4.  Due to differing digitizing approaches, such as 
inclusion of canals and channels in the later imagery (i.e., 2007); the total amount of shoreline 
attributed differed for Roanoke Island.  
 Overall trends in the change of shoreline type over the 60-year period included: 1) a 
decrease in the extent of marsh shoreline, 2) an increase in modified shoreline, and 3) a slight 
increase in sediment bank shoreline (Figure 30). The modified shoreline increase was noted in 
aerial imagery through hardening of shoreline segments and increased development, particularly 
in the business areas of Manteo and Wanchese. Marsh shoreline loss was driven by the 
disappearance of small islands, especially at the southern end of Roanoke Island.  Conversion of 
sediment bank to modified shoreline was also common. There was no swamp forest shoreline 
along any of the digitized segments of Roanoke Island. The 1947 analysis is dominated by marsh 
and sediment bank shoreline, with less than 1% modified; however, many of the developed 
regions of the island (e.g., western Shallowbag Bay) were not digitized (Figure 31). The 1974 
analysis displayed increased modified shoreline in the Wanchese area and increased conversion 
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of marsh to sediment bank (Figure 31). Lastly, 2007 displayed a greater than 4% increase in 
modified shoreline, with notable change in the Manteo Airport region, Wanchese waterfront, and 
along the northeastern side of Roanoke Island (Figure 31).  
4.3.2 Volumetric Shoreline Change Rates 
 In order to assess sediment fluxes, lateral SCRs, shoreline segment lengths, and field 
measurements of marsh scarp heights were utilized to examine volumetric erosion rates for seven 
regions (Figure 32). Error was not calculated for the volumetric erosion rates, and the following 
assumptions were applied: 1) the average lateral SCR in the region was representative of the 
overall SCR for that area, and 2) the field measured scarp heights provided a representative 
vertical shoreline height of that specific shoreline region. Regions 1 and 2 are the mainland 
shoreline of Dare County. These regions are particularly exposed to northerly and southerly 
winds and waves, respectively. The cut-off for Region 1 and 2 was based on the visual change in 
SCRs, with noticeably less erosion in Region 1. Region 3 is almost entirely marsh shoreline, with 
some isolated sandy beaches. This region is exposed to the southwest, including the fetch of 
Croatan Sound. High rates of erosion were observed within the segment. Region 4 consists of 
Shallowbag Bay, a semi-enclosed bay system with marsh, sediment bank, and modified 
shorelines. This shoreline is sheltered from westerly winds and has a minimal (<6 km) fetch to 
the east across Roanoke Sound. Region 5 has a mixture of marsh, sediment bank, and modified 
shoreline, and displayed lower SCRs than Region 3. Regions 5-7 had some of the highest 
accretion rates, but also showed widespread erosion along with high wind/wave exposure to the 
northwest (Region 5) and southwest (Region 7). Regions 6 and 7 include central and southern 
Roanoke Sound, which are areas of restricted flow and widespread sandy sediments. 
27 
 
 Marsh scarps, at seven areas within the volumetric analysis regions noted above, were 
measured and assumed to represent the typical shoreline scarp height for that region (Table 5; 
Figure 11). Then, using average SCRs for the region, the average scarp height (RTK-GPS 
measurement), the total shoreline segment length, and an estimated dry bulk density (e.g., range 
between 0.5-1.0 g/cm3), the sediment volume (m3/y) and mass (kg/y) eroded per year were 
calculated. The dry bulk density was averaged from marsh shoreline samples from the seven 
regions, and the top 5 cm of four shoreline cores (Nags Head Woods, UNC CSI). To estimate the 
total long-term eroded sediment volume and mass, the rates (per year) of shoreline volume 
(m3/y) and mass (kg/y) loss were multiplied by 97 years (1915-2012).  Data were then summed 
to assess the total volume and mass eroded from the shoreline for the entire study region (Table 
6).  
 Based on the above assumptions, 8.3 x 106 m3 of sediment was eroded from the shoreline 
over the 97-year period, with the highest volumetric and lateral change rates found in Regions 2 
and 3 (dominated by marsh shoreline), and the lowest rates in Regions 4-7. Region 4 was 
composed of a much smaller shoreline extent, and Regions 5-7 had similar rates. The dry bulk 
density range (e.g., 0.5-1.0 g/cm3) is a generalized representation, and is likely an underestimate 
since this range is common for marsh sediments, while sediment bank shorelines tend to have 
higher dry bulk densities. However, applying this range gave a total of 4.16 x 109 - 8.32 x 109 kg 
(4.16 x 106 - 8.32 x 106 tons) of eroded shoreline sediment from 1915 to 2012.  
4.4 Geophysical Parameters 
 The deepest depths in the study area were found in a narrow channel in northern Croatan 
Sound, where Croatan and Albemarle sounds converge, and in the vicinity of Roanoke Marshes. 
Roanoke Sound displayed shallower bathymetry overall.  In Croatan Sound, a small terrace-like 
28 
 
region was seen in the vicinity of the UNC CSI region, fronted by deeper bathymetry. This 
morphology was also apparent along the historical location of Roanoke Marshes (Figure 33). 
Before creating the KRIGED bathymetry surface, four regions were chosen where two 
bathymetry data-sets overlapped (1850/1851, 2002). These four regions all displayed deepening 
between the intervals, ranging from 0.7-1.8 m (Figure 34; Table 7). A mosaic of side-scan sonar 
data near UNC CSI displayed areas of backscatter variability.  Areas of high backscatter were 
seen and thought to represent sandy sediments, whereas variable low backscatter areas reflect 
organic-rich, fine sediments of eroded marshes (Figure 35). 
Four of 28 chirp seismic lines (~25 km total) are presented and show variable bathymetry 
with sediment infilled regions (Figure 12). A noticeable bathymetric high created by a 
sedimentary deposit can be seen in the seismic data (Figure 36, Line A-A’) and in the 
bathymetry (Figure 33). Line B-B’ has an infilled channel feature with much of the line obscured 
by gas (Figure 37). Line C-C’ is a shore-normal transect along which cores and grab samples 
were collected (Figure 38). For example, core CSI-N-5 was obtained from an area of sediment 
infill, and a lack of potential infill regions is more consistent towards the east, where more peat 
material was noted. A shore-parallel line (Line D-D’) displays an infilled paleo-channel (Figure 
39). A channel in this location was noted in Eames (1983), and may be the same channel as 
depicted in this seismic survey. 
5.0 Discussion  
5.1 Modern Estuarine Sediment Dynamics 
 Much previous work around the world recognizes the importance of geologic history in 
influencing the modern sediment on the seafloor (e.g., inlet closures leading to changes in 
deposition and erosion of the seabed).  O’Connor et al. (1973) hypothesized that much of 
Croatan Sound is regularly scoured by currents, contributing to the erosional regime after inlet 
closures (Figure 7), and that this process has removed the thin veneer of sediment (e.g., mud 
overlaying peat) exposing pre-Holocene sediment. In agreement with O’Connor et al. (1973), 
many surface grabs obtained in this study sampled peat with some areas of fine sand and mud. In 
general, Croatan Sound is characterized by higher organic material (LOI) and mud content, 
whereas Roanoke Sound is dominated by fine to medium sands. Of interest is a dominant 
gravelly region along the southwestern shore of Roanoke Island, which is mentioned in the 1973 
work and also occurs in this study at site RI-SW-2 (Figure 40), associated with channel fill or 
bioherms. Based on field observations (e.g., grab samples) and literature review (O’Connor et 
al., 1973; Knebel, 1989, 1991; Rudolph, 1999; Riggs and Ames, 2003) regions containing 
abundant gravel material and exposed peat outcrops (not eroded peat blocks) are representative 
of an erosional surface, whereas organic-rich mud-dominated areas reflect locations of modern-
recent deposition (Figure 41).  
The side-scan sonar survey conducted offshore of the UNC CSI displayed what appears 
to be either peat blocks or peat outcrops surrounded by a varying bottom surface, ground-truthed 
to consist of dominantly organic-rich mud, with some sandy locations. Using similar data, 
Knebel et al. (1989, 1991) categorized sedimentary environments of into three categories: 1) 
environments of bedload transport/erosion, 2) environments of deposition, and 3) environments 
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of sediment reworking. Erosional areas typically displayed exposed outcrops and highly 
reflective areas.  Similarly, it was noted that depositional areas typically were featureless, fine-
grained sediment deposits (Knebel, 1989; Knebel et al., 1991). Rudolph (1999) also presented 
side-scan imagery of Croatan Sound, and showed scoured marks and consolidated sediment 
outcrops as evidence of active scouring. Chirp seismic data in Croatan Sound reflect a variable 
morphology above older geological strata, with infilled channels and outcropping erosional 
surfaces (e.g., paleo-channels, Figure 39).  Antecedent strata with localized pockets of new 
sediment appear to cover most of Croatan Sound.  Additionally, bathymetric data and historical 
charts give clear evidence of seabed erosion (Figures 8, 34; Table 7).  
 Based on depth, two regions in Croatan Sound were potentially modern accumulation 
areas and were investigated further: (1) a NW-SE trending northern central channel, and (2) a 
small deep N-S trending channel along the southwestern shore of Roanoke Island (Figure 33). 
Oyster shells and gravel were recovered within the northern channel, overlaying a firm light gray 
mud, interpreted to be lithofacies-1 (LF-1) “Gray Mud” (Rudolph, 1999). This lithofacies, 
common to the Holocene channel complexes, is interpreted as older Holocene sediment 
(Rudolph, 1999). The small channel southwest of Roanoke Island had a mud-dominated seabed 
with the highest LOI value for surface sediments (~10.5%). Analysis of a core further revealed 
fine-sediment deposition (Figure 22, Appendix 6), and radionuclide activities were suggestive of 
episodic sedimentation. 
 Unlike Croatan Sound, Roanoke Sound is considered to be a depositional regime (Figure 
7, O’Connor et al., 1973). While the surficial sand layer is active and likely influenced by 
accretionary processes via remobilization, mud (>5%) in Roanoke Sound appears to accumulate 
primarily in Shallowbag Bay and in limited regions of northern and southern Roanoke Sound 
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(Figures 15, 16). Thus, modern sedimentation in Roanoke Sound is likely controlled by 
remobilization of sand-sized sediments during high-energy events (e.g., storms), and mud 
accumulation is limited to lower energy environments. 
5.2 Shoreline Change: Spatial and Temporal Variability  
5.2.1 Spatial Controls on Long-term Change (1915-2012) 
 Shoreline change throughout the region is site-specific, likely governed by a combination 
of shoreline character (e.g., lithology, hardening) and erosion potential (e.g., wave energy).  The 
highest regions of long-term erosion occurred within and at the southern end of Croatan Sound, 
whereas lower rates were generally seen in Roanoke Sound.  The latter is an area exposed to less 
fetch, and thus less wave energy. Overall, all four time-steps indicated net erosion across the 
study area. The average SCRs in the long- and intermediate-term (-0.63 ± 0.08 m/y to -0.78 ± 
0.21 m/y) were higher than some previously studied regions in the APES, such as Cedar Island, 
NC (-0.24 m/y) (Cowart et al., 2010, 2011), and Goose Creek State Park and Gull Rock 
Gamelands (-0.5 m/y) (Eulie, 2014). The elevated SCR overall for this study area was expected 
because of relatively high fetch (and thus wave energy), affecting large portions of the region. 
Fringing marsh shorelines are particularly susceptible to wave attack and have high erosion 
potential (Finkelstein and Hardaway, 1988). In general, the observations support a wealth of 
work indicating the influence of wave power on shoreline change (Schwimmer, 2001; Cowart et 
al., 2010, 2011). Shoreline type is a large control on erosion potential, but the morphology of the 
shoreline in regards to potential wave energy is an important control as well. 
 The geomorphic character of the estuary (e.g., bathymetry) likely continues to be an 
important driver in shoreline erosion (Eulie, 2014). As determined from bathymetric data 
comparisons collected through NOAA (http://maps.ngdc.noaa.gov/viewers/bathymetry/), it is 
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evident that certain regions have deepened since 1850, including scour of the northern-central 
portion of Croatan Sound and along the western shoreline of Roanoke Island (Figure 34; Table 
7). Qualitatively, it appears that regions of high long-term shoreline erosion are typically 
associated with deeper areas of the estuary adjacent to the shore. For example, west of the UNC 
CSI, at the southern end of Roanoke Island, and along the mainland shoreline (southwestern 
Croatan Sound), there is a preponderance of high erosion (Figure 33). SCR differences between 
the eastern and southwestern shores of Roanoke Island may likely be due to enhanced waves 
coupled with stronger currents (Singer and Knowles, 1975). However, the importance of 
bathymetric influence is unclear.  Based on a regression analysis (Figure 42), no significant 
correlation was found between the seabed gradient and SCRs in the 1915-2012 interval (Figure 
43).  However, an analysis of the influence of fetch on SCRs showed correlation, albeit a weak 
relationship (Figure 44; Table 8a-8b), suggestive of wave energy importance.  In summary, the 
patterns of SCRs are complex, and it is likely a combination of anthropogenic influence, storm 
events, and morphological change that impact the observed trends.  
5.2.2 Temporal Change: Intermediate Time-scale (1915-1949, 1949-2012) 
 The rates observed within the study area as a whole display a more negative (greater 
erosion) mean change rate (-0.78 ± 0.21 m/y) for the 1915-1949 interval, when compared to any 
other interval (Table 3).  Additionally, when looking at the percentage of significantly eroded 
sediment (≥0.32 m/y), the 1915-1949 interval has more shoreline loss (57% vs. 46% for the 
1949-2012 interval). When utilizing higher erosion rates (e.g., ≥1 m/y), an even larger difference 
is noted (33% for 1915-1949 vs. 14% for 1949-2012), indicating higher erosion rates in the 
earlier interval. Previous works have also calculated higher average erosion rates in earlier 
intervals for northern Croatan Sound (e.g., 1817-1851: ~15-18 m/y; 1851-1954: ~1-1.5 m/y) 
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(Figure 45, Riggs and Ames, 2003). This is clearly related to a more unstable hydrodynamic 
system in the 1800s, when compared to today. Together, the data point to decreasing rates of 
erosion and statistically different mean SCRs on a broad scale of the intermediate time-scale. 
Interestingly, the last half of the 20th century was a time of increased development and alteration 
of this coastal system.   
 These intermediate times-scale changes may be informative about system variations (e.g., 
potentially human- or climate-driven) with time.  The results of this study indicate noticeable 
shifts in rates of change throughout the study region, suggesting a more dynamic system in the 
earlier part of the 20th century. The observed response is probably geomorphically related.  With 
the closure of Caffey’s Inlet and Roanoke Inlet (~1811-1829), a significant hydrodynamic shift 
must have occurred around Roanoke Island, with ensuing morphological changes (O’Connor et 
al., 1973). As alluded to earlier, the erosional regime was likely a response to these closures. 
Based on previous volume calculations and flow conditions, Croatan Sound now delivers 76-
85% of the volume of water between Albemarle and Pamlico sounds (Singer and Knowles, 
1975). This enhanced water flow through Croatan Sound not only scoured the sound but helped 
erode the edges (e.g., through increased waves) (O’Connor et al., 1973; Singer and Knowles, 
1975; Rudolph, 1999; Riggs and Ames, 2003). In order to assess the trends of lower mean SCRs 
in later intervals more fully, future studies could monitor currents throughout the study region, as 
well as wave energy in erosional and non-erosional prone regions, to examine real-time in-situ 
changes observed in the short-term for extrapolation. 
5.2.3 Short-term Change, Episodically Driven (2007-2012)  
Over the short-term (2007-2012), the mean change rate was much lower than the longer 
intervals (-0.24 ± 0.32 m/yr). This period displayed high accretion in the back-barrier system, but 
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also contained high erosional areas in Croatan Sound.  Several tropical cyclones occurred during 
this period.  Tropical Storm Gabrielle in September of 2007 passed ~14 km from Manteo. 
Hurricane Earl occurred in September of 2010 with winds reaching 39 m/s, passing within 206 
km from Manteo, NC. Hurricane Irene (2011) crossed the APES, passing within 72 km (west) of 
Manteo in August of 2011. These storms, along with other smaller tropical and extratropical 
storms may have influenced sediment remobilization. It is possible that accretion measured in 
Roanoke Sound area was related to storm sedimentation in back-barrier marshes and sediment 
bank shorelines (Reed, 1989). This has been observed in other studies examining short-term 
events, where accretion may follow an erosive event (e.g., Hurricane Earl, 2010) (Eulie, 2014). 
Conversely, the short-term data here suggest rapid erosion is possible, likely in response to storm 
wave energy, for example in southwestern Croatan Sound (Figure 28).  
 Long-term SCRs can provide insight into chronic changes, while short-term rates, due to 
events (e.g., hurricanes), can reveal more episodic variations in accretion and erosion that might 
not represent the long-term patterns in the system. Short-term change can also appear more 
dramatic if detachment of marsh mat/blocks occurs (Schwimmer, 2001). Ultimately, the long-
term rates take into account (i.e., is the net result) many individual events, and these reflect the 
overall climatic and oceanographic conditions associated with this time-frame and area (e.g., 
currents, wave energy), whereas the short-term is more complex due to events.  For this reason, 
scientists and managers must consider the variability in time and space when examining trends 
and making projections into future scenarios. 
5.3 Anthropogenic, Climatic, and Geomorphic Impacts on the System 
 The latter half of the 20th century brought increased development to this region of the 
coast, including modifications of the shoreline (Figure 46) (e.g., shoreline hardening, dredging in 
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Roanoke Sound). The large volume of water flow through Croatan Sound in conjunction with 
large fetch continue to drive high erosion rates in this region, and human-induced impacts (e.g., 
shoreline modification) have likely overprinted geomorphic responses in the intermediate- and 
short-term. Shoreline hardening and land-use changes not only affect the erosional or 
accretionary character of the shoreline, but also may alter sediment delivery and storage within 
the system. For example, visible in the data, the northern end of Roanoke Island, although 
exposed to a large northerly fetch, has displayed lower rates of erosion and even accretion in 
recent times (i.e., 2007-2012). Many segments of the shoreline here have been hardened, and 
sandy sediment may be undergoing remobilization in front of these structures, causing variability 
within SCRs (Cowart et al., 2011). This may cause temporarily accretionary regions along a 
modified shoreline in the short-term. Strandplain beaches have been shown to form along any 
shoreline type if a new source of sand is available (Riggs and Ames, 2003). However, the minor 
accretion observed in Figure 47 is <1 m/y along this region, where sediment bank fronts a 
hardened structure, and shoreline hardening has been shown to slow or even stop further 
recession (Riggs and Ames, 2003; Currin et al., 2015). Shallowbag Bay is another region that has 
undergone shoreline hardening, and changes in erosional and accretionary segments of the 
shoreline (note differences in SCRs, Figures 26, 27). 
 When examining sediment accumulation in Shallowbag Bay, two noticeable trends in 
excess 210Pb are noted, suggesting changes in the rates of accumulation. Based on data from 0-20 
cm, an accumulation rate of 0.12 ± 0.01 cm/yr was estimated; however, the excess 210Pb profile 
of the core indicated two potentially differing rates (0.37 ± 1.0 cm/y from 0-8 cm, and 0.08 ± 
0.01 cm/y from 8-20 cm) (Figure 24). Change in sediment delivery to the bay may be related to 
several factors, including shoreline modification, as mentioned above. Noted in nautical charts, is 
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a spoil area for dredged sediment in the southeastern section of the bay near Roanoke Sound 
(Figure 48). This material could now act as barrier, leading to more accumulated sediment in the 
deeper central portion of the bay. Additionally, the impact of land-use change on sedimentation 
has been reported in many coastal systems (Ryan et al., 2008). Data here also highlight how 
landscape modification may impact sediment supply to the system. Based on these data, it is 
difficult to fully assess whether these rates reflect a human-induced change of sediment to the 
system, or potential bioturbation within the upper 8 cm.  
 Climate or event-driven changes are also challenging to identify in coastal sedimentary 
records.  Approximately 50 storms (range: Tropical Depression-Hurricane) occurred within 80 
km of Manteo, NC from 1900-2012. The first decade of the 1900s, the 1960s, and the 1990s each 
had at least six storms of this magnitude, with a range of 2-6 storms per decade for the remaining 
decades from 1900-present (NC State Climate Office). Analysis of the wind data from the NC 
State Climate Office suggests that a reduction in the stronger winds may have occurred 
(Appendix H; Figure 49).  Perhaps this explains the lower mean SCR in the 2nd intermediate-
period (1949-2012), but is difficult to say with certainty.  
5.4 Shoreline Sediment Erosion vs. Subaqueous Accumulation 
 One question guiding this research was how the erosion of shoreline sediment relates to 
sediment accumulating on the seabed in the study area.  RTK GPS-measured scarp heights were 
between 0.47-0.76 m, which are comparable to a study of Hog Island Bay (0.55-0.89 m) 
(McLoughlin et al., 2014). Combining the scarp data with SCRs, average vertical erosion rates 
for the Roanoke Island area ranged between -0.08 and -2.43 m2/y along the shoreline, displaying 
much variability in this system.  McLoughlin et al. (2014) found rates between -0.01 and -1.95 
m2/y for Hog Island Bay.  Sediment analysis revealed the marshes are highly variable in organic 
37 
 
and inorganic composition, which in future research could be used to examine the relationship 
between marsh shoreline substrate and SCRs. Marshes in Croatan Sound had the highest LOI 
values, an average of 32.2% and 33.0% for UNC CSI and Pt. Peter locations, respectively. The 
lowest LOI values were measured in Roanoke Sound (5%, Bodie Island Lighthouse site). 
Roanoke Sound sites typically had sandier marsh sediment, which may be influenced from 
greater sand resuspension in that region, while Croatan Sound had muddier marsh sediments 
(Table 2). Based on shoreline data (Table 6), an average of 8.6 x 104 m3/y is eroded from the 
shoreline, and it is estimated that a total of 8.32 x 106 m3 (4.16-8.32 × 106 tons) of sediment has 
been removed from the shoreline over the 97-year study period.  
 Currin et al. (2015) examined sediment eroded from shoreline erosion for the New River 
Estuary. For approximately 90 km of shoreline, volumetric erosion rates varied between 1.86 x 
104 and 3.72 x 104 m3/y, depending on bank height (0.5-3 m) and shoreline type, utilizing SCRs 
from a 48-year time-interval (1956-2004) (Currin et al., 2015). In the New River Estuary, the 
scarp relief was more varied than in this study. However, the shoreline length used for Roanoke 
Island volumetric change rates is ~200 km, about 2.2 times that of the shoreline length of the 
New River Estuary study. If examining the range provided in the New River Estuary study, the 
Roanoke Island area annual contribution is between 1.6 to 2.3 times more than the New River 
Estuary exported amount. If the upper extremes of the New River Estuary are more likely, then 
the shoreline sediment exported from each study region is comparable when normalizing for 
shoreline length. Since shoreline types were not quantified for the SCR intervals in this thesis, it 
is only assumed both studies had similar overall lateral SCRs to have similar volumetric rates.  
 Sediment accumulation rates determined in this study varied spatially and temporally. 
The UNC CSI core rates ranged between 0.26-0.37 cm/y, and are comparable to previously 
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recorded rates in the APES (0.29-0.36 cm/y, Neuse River Estuary; 0.08-0.57 cm/y, Albemarle 
Sound; 0.11-0.42 cm/y, Pamlico Sound) (Tully, 2004; Corbett et al., 2007, 2009). Although the 
range of rates in other regions can be large, the measurements observed in this study fall within 
previous ranges. Higher rates for the other estuarine systems occur where fine-sediments are 
depositing that have a fluvial origin (Corbett et al., 2007, 2009). The long-term rates in this study 
(1.2-3.7 mm/y) are below to within range of the relative sea-level rise rate estimates in the region 
(3.0-4.6 mm/y), suggesting accumulation is not outpacing sea-level rise, which is typically seen 
in lagoonal systems (Nichols, 1989) through the formation of accommodation space. 
 Along the southwestern shore of Roanoke Island, confined within a narrow deep channel 
(4.9 m water depth), excess 210Pb activities were nearly vertical down-core to 32 cm, indicating 
rapid deposition or biological mixing. DH-S17 is located in this channel and displayed 
sedimentation not on a decadal-centennial scale, but within a more rapid time-frame. The CF:CS 
model was applied to the first 12 cm of the core over the time-scale relevant to 7Be. Sediment 
deposition in this channel occurred at 2.3 ± 0.5 cm/month, probably associated with several 
small events or one large-scale event. This 7Be profile of this core is unlikely from mixing given 
the lack of observed infauna, and two prominent sand lenses indicative of a depositional or 
erosive event prior to rapid sediment deposition in the top 12 cm. It is likely that this channel 
accumulates sediment due to the depth and grain-size content of the channel; however, episodic 
erosion/scour of the channel bottom likely prevents long-term accumulation and rather 
discontinuous events lead to depositional event layers as observed in the 7Be profile (Walsh et 
al., 2014). Although the cores used in this study are in the immediate alongshore region, it can be 
assumed that accumulation on the centennial-scale in the open sounds is likely prevented in areas 
undergoing active scouring, high wave energy, and high bed shear stress.  
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 Maximum bed shear stress was modeled and examined in the APES during a one hour 
period in September, 2008 (Clunies and Mulligan, personal communication, 2015, Figure 50). 
Regions with high bed shear stress undergo sediment remobilization more readily than other 
areas with lower shear stress. The higher shear stress observed in northern Croatan Sound 
explains the erosional regime within that region.  This has been observed with deepening of the 
northern-central channel (Figures 34, 45; Table 7). Shear stress was relatively high as well along 
the Dare County mainland shoreline in Croatan Sound, which may have indicated higher wave 
energy along that stretch of shoreline, where the highest erosion rates and currents (0.5 m/s, 
Singer and Knowles, 1975) were measured. The UNC CSI and Shallowbag Bay (RI-SB-4) core 
locations are in regions of lower modeled bed shear stress, allowing modern sediment 
accumulation (Figure 50). However, the channel off of SW Roanoke Island in Croatan Sound, 
which is rapidly accumulating episodic sediment, displayed higher bed shear stress and may 
indicate that the rapid deposition of sediment is related to short-term high energy events. High 
shear stress in Roanoke Sound occurred due to the shallow nature of the sound, and could have 
caused remobilization of sediment, preventing large-scale modern accumulation. The critical 
shear stress (τc) for very fine sand is 0.11 N/m2 (http://pubs.usgs.gov/sir/2008/5093/table7.html), 
indicated by green and warmer colors (Figure 50), and in areas where this value is exceeded, 
sediment remobilization would occur for particles smaller than very fine sand, limiting mud-
dominated sediment accumulation. 
 Based on the sediment grab samples, cores, and potential shear stresses in the region, the 
area of active sediment accumulation is fairly limited.  The amount of sediment accumulation 
was calculated for three areas (Shallowbag Bay, offshore of the UNC CSI site, and in the narrow 
small channel along the southwestern edge of Roanoke Island - SW Channel) (Figures 51, 52). 
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Due to limited likelihood of active accumulation in other regions of Croatan and Roanoke 
sounds, accumulation is not extrapolated further. Since the SW Channel region indicated 
episodic sedimentation, it is not included in the sediment accumulation budget.  
 Overall, as a function of water depth, area, and accumulation rates, approximately 9.32 x 
103 m3/y (7.24 x 106 kg/y) of sediment is estimated to be accumulating in the system (Table 9). 
When comparing this rate to the volume of eroded sediment per year over the 1915-2012 interval 
(8.57 x 104 m3/y), the accumulating area only accounts for ~11% of the amount of annually 
eroded material. Eulie (2014) also conducted a sediment budget of fine-grained sediments in the 
Tar-Pamlico estuary, and determined that 93% of the sediment derived from shoreline erosion 
and the Tar River Basin is stored in that estuary. When comparing the Roanoke Island region to 
the Tar-Pamlico estuary, it is evident that the Roanoke Island region is an export system (Figure 
53). Identifying the source of sediment is difficult; however, based on the high organic content 
(% LOI) of the accumulating sediment (Figure 20), much of the modern sediment is likely 
marsh-derived. It appears the majority of the eroded material is exported out of the study area 
into Albemarle and Pamlico sounds. Since this thesis addresses modern organic-rich mud 
accumulation only, further refinement of this budget could include incorporating alongshore sand 
deposits that may also be erosion derived from sediment banks.
6.0 Conclusions 
 This thesis provides insight on modern (past ~100 years) morphological changes 
associated with an estuarine system that has undergone significant hydrodynamic changes in the 
past two hundred years. These data may be used to help interpret other geological processes 
occurring on an anthropogenic time-scale in estuarine systems like the Roanoke Island region 
and provide useful insight to managers and homeowners in this and similar areas.  Specific 
conclusions include: 
1) Shoreline change displays high variability throughout the system (-0.78 to -0.24 m/y), but 
mean SCRs have slowed in recent time-intervals.  This reduction in erosion is likely due to 
the shoreline beginning to stabilize in many regions through a combination of natural (e.g., 
hydrodynamics, decreasing wind intensity) and anthropogenic (e.g., shoreline modification) 
processes. Sediment accumulation has been evaluated on a modern time-scale, and is also 
variable and constrained to localized regions. 
2) Surficial sediments vary within the sounds, with fine-medium sands dominating Roanoke 
Sound, and mud to gravel sized sediment throughout Croatan Sound. High LOI values within 
surface grab samples and cores in Croatan Sound suggest that the sediment source is organic-
rich and may be marsh-derived. Overall, the surficial sediment patterns reflect the controlling 
processes and factors such as wave action, currents, and depth. 
3) Long-term shoreline change (1915-2012) in the system (-0.68 ± 0.05 m/y) was comparable to 
other studies completed in the APES. Intermediate-term shoreline change reflects a 
decreasing mean rate of change, as demonstrated by statistically different mean change rates 
in the two intermediate time-intervals (p = 0.005). The short-term SCRs display a lower 
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overall SCR (-0.24 ± 0.32 m/y), which may be a result of few strong storms in this interval or 
weaker high winds (≤ 4.47 m/s). 
4) A CF:CS modeled increase in the accumulation rate is noted in Shallowbag Bay (RI-SB-4), 
which likely indicates greater sediment delivery and/or storage in recent time. However, 
when examining accumulation on long-term scales (~100-y), the UNC CSI sites display 
higher accumulation (0.26-0.37 cm/y) when compared to Shallowbag Bay (0.12 cm/y). Data 
from Hatteras, NC indicates that wind speeds have decreased on a decadal-scale through 
averaged daily wind speeds. This may have an impact on wave energy and overall erosion 
potential to the system, and may be a driver for lower erosion rates (e.g., erosion ≥0.32 m/y: 
57% during 1915-1949; 46% during 1949-2012). Previously modeled bed shear stress 
(Clunies and Mulligan, personal communication, 2015) has offered insight into areas prone 
to seabed sediment remobilization, with higher regions of bed shear stress indicating more 
remobilization and episodic sediment deposition (e.g., DH-S17). 
5) These data indicate most of the eroded sediment is exported out of Croatan and Roanoke 
sounds. The sediment accumulation rates are too low to account for the total material 
exported from shoreline erosion over the 97-year interval (8.32 x 106 m3, 4.16 x 109-8.32 x 
109 kg), but it is likely that modern sediment is constrained to small, localized areas in 
bathymetric lows not influenced by current and/or wave action as indicated in the sediment 
budget (9.32 x 103 m3/y, 7.24 x 106 kg/y). When comparing the volume of accumulated 
sediment to the volume of eroded sediment in the 1915-2012 interval (8.57 x 104 m3/y), the 
accumulated sediment accounts for only ~11% of the amount of annually eroded sediment. 
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Table 1: Push-core locations 
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Table 2: Marsh sediment grabs (loss on ignition and grain-size) 
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Table 3: Mean shoreline change rates (SCRs) for each time-interval 
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Table 4: Shoretypes for each time-step 
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Table 5: Marsh scarp field measurements 
48 
 
Table 6: Volumetric erosion data for the study region 
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Table 7: Bathymetry from 1850/1851 and 2002, displaying deepening in four regions 
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Table 8a: Shoreline change rates (EPR) and fetch distances used for regression 
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Table 8b: Shoreline change rates (EPR) and fetch distances used for regression 
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Table 9: Sediment budget for selected regions 
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FIGURES 
 
 
 
Figure 1: The Albemarle-Pamlico estuarine system (APES) in North Carolina, USA, the study region for this 
thesis is located in the red box (Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar Geographics, 
CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User 
Community) 
54 
 
 
Figure 2: Roanoke Island and vicinity (Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar 
Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the 
GIS User Community) 
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Figure 3: Uranium-238 decay Series, the radioisotope 210Pb emits gamma 
radiation, used for activity calculation in this thesis (Suckow, 2010) 
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Figure 4: Variations in relative sea-level rise rates along the U.S. Atlantic Coast 
(Kemp et al., 2014) 
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Figure 5: Topographic map of Roanoke Island, note extensive wetland cover and low-relief 
(Source: Esri, HERE, DeLorme, TomTom, Intermap, increment P Corp., GEBCO, USGS, 
FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, 
Esri China (Hong Kong), swisstopo, MapmyIndia, © OpenStreetMap contributors, and the 
GIS User Community) 
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Figure 6: Holocene lithofacies map of Croatan Sound, LF-4 is the most 
common surficial layer in the sound (Rudolph, 1999) 
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Figure 7: Proposed current flow change time-series in the Roanoke Island area (O’Connor et al., 
1973) 
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Figure 8: Historical map of Roanoke Marshes lining the southern region 
of modern day Croatan Sound (Rudolph, 1999) 
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Figure 9: Nine surficial sediment types in study region based on sediment grab data 
(O’Connor et al., 1973) 
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Figure 10: Surface and push-core locations for this study (Source: Esri, HERE, 
DeLorme, MapmyIndia, © OpenStreetMap contributors, and the GIS user community) 
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Figure 11: Location of 7 marsh regions, with (A) average marsh scarp heights, (B) UNC CSI sampling sites, 
and (C) NHW sampling sites (Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar Geographics, 
CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User 
Community) 
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Figure 12: Coverage for chirp seismic (~25 km) and side-scan sonar survey (mosaic) 
(June, 2014), black lines indicate seismic data presented in this document 
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Figure 13: Four merged shorelines used in AMBUR analysis 
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Figure 14: AMBUR example, showing placement of baselines, shorelines, and filtered transects, 
constituting the shoreline envelope 
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Figure 15: 79 surface sediment samples used for grain-size analysis 
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Figure 16: Mud percent for 70 surface samples (Source: Esri, HERE, DeLorme, 
MapmyIndia, © OpenStreetMap contributors, and the GIS user community) 
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Figure 17: Porosity (%) for surface samples (Source: Esri, HERE, DeLorme, 
MapmyIndia, © OpenStreetMap contributors, and the GIS user community) 
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Figure 18: LOI (%) for surface samples (Source: Esri, HERE, DeLorme, 
MapmyIndia, © OpenStreetMap contributors, and the GIS user community) 
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Figure 19: Loss on ignition (%) down-core for all cores, note similarity in 
LOI for CSI-S-5, CSI-N-5, and RI-SB-4 until ~20 cm 
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Figure 20: Radionuclides and percent mud down-core (CSI-N-5) 
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Figure 21: Radionuclides and percent mud down-core (CSI-S-5) 
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Figure 22: Radionuclides and percent mud down-core (DH-S17) 
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Figure 23: Radionuclides and percent mud down-core (RI-SB-4) 
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Figure 24: Excess 210Pb profile down-core for RI-SB-4, indicating a potential shift in the sediment 
accumulation rate around 8 cm, 2 black lines represent a generalized slope for the rate 
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Figure 25: SCR for 1915-2012 (Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar 
Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, 
swisstopo, and the GIS User Community) 
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Figure 26: SCR for 1915-1949(Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar 
Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, 
swisstopo, and the GIS User Community) 
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Figure 27: SCR for 1949-2012 (Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar 
Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, 
swisstopo, and the GIS User Community) 
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Figure 28: SCR for 2007-2012 (Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar 
Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, 
swisstopo, and the GIS User Community) 
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Figure 29: Localized short-term high rates of erosion along southern Roanoke Island (Source: Esri, 
DigitalGlobe, GeoEye, i-cubed, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, 
Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community) 
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Figure 30: Time-step distribution of shoreline type for Roanoke Island, NC 
83 
 
 
Figure 31: Shoreline attributes for 1947, 1974, and 2007  for Roanoke Island, NC (Basemap Source: Esri, DigitalGlobe, GeoEye, i-
cubed, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS 
User Community) 
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Figure 32: Seven regions used for volumetric erosion calculations, the size of the 
polygon does not reflect specific parameters, and is only used to display shoreline 
coverage (Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar Geographics, 
CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, 
swisstopo, and the GIS User Community) 
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Figure 33: Bathymetry and important morphological controls throughout the study area, 
with long-term SCRs superimposed 
86 
 
 
 
Figure 34: Regions chosen for bathymetric comparison between 1850/1851 and 2002 surveys, 
represented by black polygons (see Table 6 for numerical change values)  
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Figure 35: Side-scan sonar data displaying mosaicked pattern with evident peat blocks 
showing relief, these peat blocks are either eroded masses from a previous shoreline or an 
exposed in-situ fossil outcrop 
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Figure 36: Line A-A’, oriented shore-parallel (NW-SE) and shore-normal (NE-SW) 
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Figure 37: Line B-B’, oriented shore-normal (E-W) and shore-parallel (NW-SE) 
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Figure 38: Line C-C’, oriented shore-normal (NE-SW) 
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Figure 39: Line D-D’, oriented shore-parallel (NW-SE) 
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Figure 40: Site of RI-SW-2 (gravelly sediment), notice the fining of median grain-size 
along this transect to the southwest 
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 Figure 41: Sediment distribution map (1973) with bathymetry and surface samples 
superimposed, lithology in bottom panel is for 1973 study (This study, O’Conner et al., 1973) 
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Figure 42: 123 sites selected for regression analysis between SCR and seabed gradient 
(Source: Esri, HERE, DeLorme, MapmyIndia, © OpenStreetMap contributors, and the GIS 
user community) 
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Figure 43: Regression of seabed gradient and SCRs for 123 sites displaying no 
significant correlation  
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Figure 44: Regression for averaged SCRs for 123 sites and representative fetch direction 
distance, displaying a weak correlation 
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Figure 45: Shoreline change along the old bridge corridor, Croatan Sound, higher erosion rates 
were present in earlier intervals, and continued cross-sectional enlargement is noted (Riggs and 
Ames, 2003). 
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Figure 46: Changes in shoretype observed in 1947 aerial imagery and present day imagery, with increased modified shoreline present 
in more recent time 
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Figure 47: Small region of sediment bank fronting modified shoreline (Source: Esri, DigitalGlobe, GeoEye, i-
cubed, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, 
swisstopo, and the GIS User Community) 
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Figure 48: Nautical chart showing Shallowbag Bay and dredge spoil area, with other 
anthropogenic channels (NOAA) 
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Figure 49: Decadal wind trends (1960-2009), displaying a decrease in percentage of the decade 
where winds were >/= 4.47 m/s for Hatteras, NC, averaged from daily wind data for this time-
period (NC State Climate Office) 
102 
 
 
 
 
 
 
 
Figure 50: Maximum bed shear stress, modeled for a one hour period, September 2008, 
provides insight to areas of active sediment remobilization (Clunies and Mulligan, personal 
communication, 2015) 
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Figure 51: Three regions of sediment accumulation and/or deposition, the beige circle 
represents the long-term rate for Shallowbag Bay, the orange circle represents the long-term 
rate for the UNC CSI sites, and the red circle represents the episodic/event-driven deposition 
rate for the SW channel in Croatan Sound 
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Figure 52: Regions accumulating episodic and modern sediment, calculated through CF:CS 
modeled rates, area, and average dry bulk densities for cores  
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Figure 53: Sediment budget for the Roanoke Island area, indicating that modern sediment 
accumulation is limited in the region, and the region is an export system  
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APPENDIX A: SAMPLE LOCATIONS 
Sample Locations 
ID Latitude Longitude Type 
RI-NE-3 35.94433 -75.69273 Grab 
RI-SB-4 35.90771 -75.65369 Grab 
MH-5 35.8794 -75.74535 Grab 
RI-SB-3 35.9156 -75.66067 Grab 
RI-W-5 35.8902 -75.69681 Grab 
RI-SW-5 35.81339 -75.6714 Grab 
RI-W-3 35.88963 -75.68772 Grab 
CSI-S-1 35.86846 -75.66148 Grab 
CSI-N-2 35.87363 -75.66611 Grab 
CSI-N-1 35.87404 -75.66505 Grab 
RI-WB-3 35.88165 -75.61775 Grab 
MH-4 35.87965 -75.74884 Grab 
MH-2 35.9095 -75.76534 Grab 
RI-SW-3 35.82641 -75.6637 Grab 
RI-WB-5 35.8835 -75.61001 Grab 
RI-WAN-4 35.83097 -75.60952 Grab 
RI-SB-2 35.91632 -75.66213 Grab 
RI-N-2 35.933 -75.72871 Grab 
RI-N-3 35.93568 -75.73264 Grab 
RI-WAN-3 35.83048 -75.61233 Grab 
RI-WAN-2 35.83035 -75.61461 Grab 
RI-WB-2 35.88036 -75.62292 Grab 
RI-WB-1 35.87938 -75.62655 Grab 
RI-PS-3 35.81153 -75.64587 Grab 
RI-SW-4 35.82174 -75.66588 Grab 
RI-WAN-1 35.83023 -75.61661 Grab 
RI-NE-1 35.93757 -75.69711 Grab 
RI-N-4 35.93915 -75.73711 Grab 
RI-SW-2 35.83048 -75.66133 Grab 
RI-PS-5 35.80552 -75.64809 Grab 
RI-SE-2 35.81244 -75.61716 Grab 
RI-SE-3 35.81318 -75.61219 Grab 
RI-SE-4 35.81387 -75.60798 Grab 
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Sample Locations 
ID Latitude Longitude Type 
RI-SE-5 35.81453 -75.60369 Grab 
RI-SE-6 35.8126 -75.5975 Grab 
RI-WB-4 35.88271 -75.61337 Grab 
RI-NE-2 35.93981 -75.69588 Grab 
RI-SE-7 35.81238 -75.59426 Grab 
CSI-S-5 35.8653 -75.66945 Grab 
CSI-S-4 35.86659 -75.66703 Grab 
CSI-N-3 35.87275 -75.66776 Grab 
CSI-N-4 35.87178 -75.66949 Grab 
CSI-N-5 35.87062 -75.67148 Grab 
CSI-S-2 35.86814 -75.66296 Grab 
CSI-S-3 35.86774 -75.66474 Grab 
RI-SE-1 35.81174 -75.61968 Grab 
MH-1 35.90852 -75.76801 Grab 
RI-PS-2 35.81527 -75.64491 Grab 
RI-SW-1 35.83263 -75.65968 Grab 
MH-3 35.87986 -75.75089 Grab 
RI-W-2 35.88968 -75.68449 Grab 
RI-W-1 35.88985 -75.68208 Grab 
RI-SB-1 35.91632 -75.66293 Grab 
RI-PS-1 35.81786 -75.64494 Grab 
RI-PS-4 35.80892 -75.6468 Grab 
RI-N-1 35.9313 -75.72526 Grab 
RI-NE-4 35.94842 -75.68855 Grab 
DH-S1 35.97622 -75.72591 Grab 
DH-S2 35.96404 -75.79506 Grab 
DH-S3 35.93648 -75.77117 Grab 
DH-S4 35.94891 -75.72591 Grab 
DH-S5 35.96349 -75.68958 Grab 
DH-S6 35.92612 -75.75225 Grab 
DH-S7 35.9154 -75.74699 Grab 
DH-S8 35.90338 -75.75189 Grab 
DH-S9 35.90744 -75.7384 Grab 
DH-S10 35.91179 -75.72567 Grab 
DH-S11 35.8878 -75.72098 Grab 
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Sample Locations 
ID Latitude Longitude Type 
DH-S12 35.84564 -75.73636 Grab 
DH-S13 35.85607 -75.70453 Grab 
DH-S14 35.86225 -75.67651 Grab 
DH-S15 35.80635 -75.71921 Grab 
DH-S16 35.81429 -75.70326 Grab 
DH-S17 35.82417 -75.67794 Grab 
DH-S18 35.83441 -75.67813 Grab 
DH-S19 35.79966 -75.67908 Grab 
DH-S20 35.79306 -75.6225 Grab 
DH-S21 35.93248 -75.6733 Grab 
DH-S22 35.94537 -75.6417 Grab 
DH-S23 35.79461 -75.65214 Grab 
Chirp1 35.87989 -75.67258 Grab 
Chirp2 35.878808 -75.67734 Grab 
CSI-Shore1 35.873533 -75.664833 Marsh 
CSI-Shore2 35.874183 -75.664767 Marsh 
CSI-Shore3 35.874567 -75.66585 Marsh 
NHW-Shore1 35.987917 -75.672467 Marsh 
NHW-Shore2 35.9872 -75.67195 Marsh 
NHW-Shore3 35.9867 -75.671583 Marsh 
CSI-N-M2 35.874619 -75.665989 Marsh 
CSI-N-M3 35.87455 -75.665961 Marsh 
CSI-N-M1 35.874631 -75.665989 Marsh 
CSI-CoveM 35.874461 -75.66542 Marsh 
NHW-M1 35.986461 -75.670361 Marsh 
NHW-M2 35.986444 -75.670361 Marsh 
NHW-PointM 35.987331 -75.672039 Marsh 
Whalebone -35.897493 -75.615288 Marsh 
SB-Manteo 35.904682 -75.668756 Marsh 
Pt. Peter 35.770052 -75.741757 Marsh 
Bodie 35.81259 -75.564457 Marsh 
Mann's Harbor 35.91113 -75.767908 Marsh 
RI-SB-4 35.907749 -75.65347 Core 
CSI-N-3 35.87276 -75.66769 Core 
CSI-N-5 35.87062 -75.67144 Core 
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Sample Locations 
ID Latitude Longitude Type 
CSI-S-5 35.8652 -75.66962 Core 
DH-S17 35.824 -75.6778 Core 
APPENDIX B: GRAIN-SIZE PROCEDURES 
(Surface Sediment, Cores, and Marsh Sediment) 
Surface Sediment (Modified from USGS Open File Report 00-358, 
http://pubs.usgs.gov/of/2000/of00-358/text/chapter1.htm, 
http://woodshole.er.usgs.gov/openfile/of2005-1001/htmldocs/videos/dry_sieve/dry_sieve.htm) 
 
Surface sediment (visually appears to be > 90% sand) 
This technique is for the total bulk wet sediment sample, which may include organics. 
Organic material was not removed from the sample before sieve analysis. If organic material 
was too large or had a peaty texture, the sample was not sieved through the following 
procedure. 
1) Record all necessary information about the sediment in an organized table. 
2) Homogenize wet sediment in collection bag using metal or glass stirrer. 
3) Take a subsample of wet sediment (~100-500 g) and weigh on pre-weighed weigh 
dish. Make sure to save some wet sediment if needed for additional analysis. 
4) Place dish and sediment into oven and dry at 40-60oC for at least 24 hours, or until all 
water content has been lost. 
5) While sediment is drying, weigh 14 weigh dishes which will be used for each 
representative phi (ɸ) value for collection of dry sediment after RoTap analysis. Hold 
these aside until after step 9. 
6) Remove dish and dry sediment, and weigh to get the dish and dry sediment weight. 
Calculate total dry sediment and all water content lost. 
7) Homogenize dry sediment with metal or glass stirrer, and take between 100-200 g of 
dry sediment to be used for RoTap analysis. 
8) Prepare clean sieves for RoTap analysis. Sieves should consist of ½ ɸ intervals 
starting from -2ɸ on the top and 4ɸ at the bottom, with a collection pan on the very 
bottom (> 4ɸ).  
9) Carefully place dry sediment into the -2ɸ sieve and allow to trickle down into the 
sieves.  
10) Close nest of sieves with the lid and place into the RoTap machine, and run machine 
for a minimum of 15 minutes. 
11) Remove nest of sieves, and carefully remove each sieve and collect sediment from 
each sieve into the appropriate weigh dish. Make sure to leave clean sieves after 
removal of sediment. 
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12) Weigh each dish for total dish + dry sediment fraction, and subtract dish weight to 
obtain each representative ɸ size for the sample. Note any observable characteristics 
about sediment fractions (e.g., any small shells, organics) 
13) If necessary, save left over sediment for any further analysis. 
Surface sediment (visually appears to be > 10% mud) 
This technique is for the total bulk wet sediment sample, which may include organics. 
Organic material was not removed from the sample before sieve analysis. If organic material 
was too large or had a peaty texture, the sample was wet sieved to remove loose mud content, 
but not sieved through the RoTap. 
1) Record all necessary information about the sediment in an organized table. 
2) Homogenize wet sediment in collection bag using metal or glass stirrer. 
3) Take a subsample of wet sediment (~100-500 g) and weigh on pre-weighed weigh 
dish. Make sure to save some wet sediment if needed for additional analysis. 
4) Once you have obtained the weight of the total wet sediment, take this sediment and 
wet sieve through a 63 micron sieve to remove all mud content. This thesis was not 
concerned with collection of mud sized sediment; therefore modifications are 
necessary if retention of mud is needed. 
5) Carefully collect sand sized and larger content into a new pre-weighed dish. 
6) Place dish and sand content into oven and dry at 40-60oC for at least 24 hours, or until 
all water content has been lost. 
7) While sand is drying, weigh 14 weigh dishes which will be used for each 
representative phi (ɸ) value for collection of dry sediment after RoTap analysis. Hold 
these aside until after step 9. 
8) Remove dish and dry sand, and weigh to get the dish and dry sand weight. Calculate 
total dry sand content and all water content lost. 
9) You now have total wet sediment weight, total dry sand fraction weight, and total 
water content lost (grams). You can calculate the total dry sediment weight by using 
the lost water content from the wet sediment. Then subtract the dry sand fraction from 
the total dry sediment amount to get the estimated mud fraction weight. This will be 
added to the “pan” fraction of the RoTap analysis (> 4ɸ). 
10) Take all of the dry sand to be used for RoTap analysis. Keeping the entire sand is 
important, since mud content has been sieved, and you are using the total wet 
sediment wet for the representative amount of original sediment (from step 4). 
11) Prepare clean sieves for RoTap analysis. Sieves should consist of ½ ɸ intervals 
starting from -2ɸ on the top and 4ɸ at the bottom, with a collection pan on the very 
bottom (> 4ɸ).  
12) Carefully place dry sand into the -2ɸ sieve and allow to trickle down into the sieves.  
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13) Close nest of sieves with the lid and place into the RoTap machine, and run machine 
for a minimum of 15 minutes. 
14) Remove nest of sieves, and carefully remove each sieve and collect sand from each 
sieve into the appropriate weigh dish. Make sure to leave a clean sieve after removal 
of sediment. 
15) Weigh each dish for total dish + dry sand fraction, and subtract dish weight to obtain 
each representative ɸ size for the sample. Note any observable characteristics about 
sediment fractions (e.g., any small shells, organics). There still may be minor mud 
sized sediment left in the pan fraction, make sure to account for that. 
16) If necessary, save left over sediment for any further analysis. 
 
Core intervals (1-2 cm intervals for collection bags) 
1) Record all necessary information about the sediment in an organized table. 
2) Homogenize wet sediment in collection bag using metal or glass stirrer. 
3) Take a subsample of wet sediment (size varies) and weigh on pre-weighed weigh 
dish. Make sure to save some wet sediment if needed for additional analysis. 
4) Once you have obtained the weight of the total wet sediment, take this sediment and 
wet sieve through a 63 micron sieve to remove all mud content. This thesis was not 
concerned with collection of mud sized sediment; therefore modifications are 
necessary if retention of mud is needed. 
5) Carefully collect sand sized and larger content into a new pre-weighed dish. 
6) Place dish and sand content into oven and dry at 40-60oC for at least 24 hours, or until 
all water content has been lost. 
7) Remove dish and dry sand, and weigh to get the dish and dry sand weight. Calculate 
total dry sand content and all water content lost. 
8) You now have total wet sediment weight, total dry sand fraction weight, and total 
water content lost (grams). You can calculate the total dry sediment weight by using 
the lost water content from the wet sediment. Then subtract the dry sand fraction from 
the total dry sediment amount to get estimated the mud fraction weight. 
9) No RoTap analysis was conducted for cores, as only the overall sand and mud percent 
were of concern. 
 
Marsh sediment (shoreline grab samples) – Two procedures 
This first procedure is concerned with the total mud size fraction and total sand sized 
fraction, similar to the procedures above, where organic content is not separated. There are 
two final parameters amounting to 100% of the original sample. 
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1) Record all necessary information about the sediment in an organized table. 
2) Homogenize wet sediment in collection bag using metal or glass stirrer. 
3) Take a subsample of wet sediment (~100-500 g) and weigh on pre-weighed weigh 
dish. Make sure to save some wet sediment if needed for additional analysis. 
4) Once you have obtained the weight of the total wet sediment, take this sediment and 
wet sieve through a 63 micron sieve to remove all mud content. This thesis was not 
concerned with collection of mud sized sediment; therefore modifications are 
necessary if retention of mud is needed. 
5) Carefully collect sand sized and larger content into a new pre-weighed dish. 
6) Place dish and sand sized content into oven and dry at 40-60oC for at least 24 hours, 
or until all water content has been lost. 
7) Once sand sized content is dried, weigh the sediment on a pre-weighed dish to get the 
total sand sized fraction.  
8) You now have total wet sediment weight, total dry sand fraction weight, and total 
water content lost (grams). You can calculate the total dry marsh sediment weight by 
using the lost water content from the wet sediment. Then subtract the dry sand 
fraction from the total dry sediment amount to get estimated the mud fraction weight. 
These samples will have high organics (e.g., twigs, grass) in the sand sized fraction 
typically, so it should be noted this procedure is more concerned with how large the 
overall organics are within the sample. 
 
This second procedure is concerned with the total organic content (any size), total 
inorganic sand sized content, and total inorganic mud sized content. There are three final 
parameters amounting to 100% of the original sample. This procedure involves using a 
high precision scale (~ 10,000ths place, 0.0000) 
 
1) Record all necessary information about the sediment in an organized table. 
2) Homogenize wet sediment in collection bag using metal or glass stirrer. 
3) Take a subsample of wet sediment (~100 g) and weigh on pre-weighed weigh dish. 
Make sure to save some wet sediment if needed for additional analysis. 
4) Place dish and sediment into oven and dry at 40-60oC for at least 24 hours, or until all 
water content has been lost. 
5) Remove dish and dry sediment, and weigh to get the dish and dry sediment weight. 
Calculate total dry sediment and all water content lost. 
6) Weigh a small porcelain crucible for loss on ignition (LOI).  
7) Homogenize dry sediment with metal or glass stirrer, and take ~ 20 g of sediment to 
be placed in the crucible to be put in the furnace for 550oC for 12 hours to remove all 
organic content (LOI). 
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8) After the sediment has undergone the LOI process, let cool for up to 12 hours before 
removal of crucible. The timing of this LOI process is highly dependable on the type 
of furnace used.  
9) Remove crucible and sediment and weigh to obtain the total amount of sediment after 
LOI. This provides the percent total organic content lost for the bulk sample. 
10) Save sediment and use to calculate the inorganic sand and mud fraction. 
11) Since sediment has been in extreme heat for 12+ hours, transfer the sediment to a 
small beaker and add a small amount of 0.05% Calgon (< 20 g) solution to help with 
the disaggregation of mud particles. Use a stirring rod to help with the process, and 
once the sediment has disaggregated, it is ready for wet sieving.  
12) Wet sieve through a 63 micron sieve to remove all mud content. This thesis was not 
concerned with collection of mud sized sediment; therefore modifications are 
necessary if retention of mud is needed. 
13) Carefully collect sand sized and larger content into a new pre-weighed dish. 
14) Place dish and sand content into oven and dry at 40-60oC for at least 24 hours, or until 
all water content has been lost. Use the weight of the dried sediment after LOI as the 
representative total inorganic sediment dry fraction, and subtract the dry inorganic 
sand fraction from that to obtain the estimated inorganic dry mud fraction. These 
should add up to 100%.  
15) In order to look at all three components (organic content, inorganic sand, inorganic 
mud), take the original LOI % value, and subtract from 100. The remaining 
percentage value is what the two inorganic fractions compose. Adjust percentages 
appropriately to obtain the new percentages of inorganic mud and sand for the 
original marsh bulk sample. 
APPENDIX C: INDIVIDUAL PHI (ɸ) WEIGHT PERCENTS 
Individual Weight Percent (70 Surface Samples) 
Phi  RI-NE-3  MH-5 RI-SB-3 RI-SB-4 RI-W-5 RI-SW-5 RI-W-3 RI-PS-4 RI-NE-4 
-2 0 0.14 0.005 0 1.6 0.01 0.07 0.03 0.15 
-1.5 0.006 0.049 0.01 0 0.28 0.19 0.05 0.02 0.14 
-1 0 0.193 0.015 0 1.12 0.16 0.07 0.02 0.02 
-0.5 0.024 0.337 0.005 0 2.59 0.15 0.856 0.12 0.03 
0 0.018 0.111 0.02 0.017 2.01 0.16 0.497 0.04 0.04 
0.5 0.054 0.403 0.06 0.042 9.26 0.22 2.82 0.16 0.08 
1 0.138 0.872 0.57 0.125 18.06 0.34 9.22 0.57 0.21 
1.5 0.353 3.57 4.24 1.41 30.97 0.49 12.99 2.06 0.51 
2 1.22 8.745 19.41 2.96 7.1 0.93 3.58 4.11 2.24 
2.5 3.43 20.64 30.16 1.73 0.89 0.91 3.32 4.91 6.03 
3 24.15 39.32 0.46 5.84 0.14 5.77 2.05 9.9 31.31 
3.5 36.5 11.3 14.3 5.07 2.53 11.91 2.29 42.08 24.32 
4 6.5 3.52 3.17 3.94 1.12 7.1 2.63 11.62 6.54 
> 4 27.59 10.82 27.58 78.87 22.34 70.38 59.53 24.35 28.38 
Phi  RI-SE-7 CSI-S-5 CSI-S-4 CSI-N-4 CSI-N-5 CSI-S-2 CSI-S-3 CSI-N-3 
DHS7-
Anchor 
-2 0 2.41 0 0.25 0 0 0 1.66 0 
-1.5 0 0.22 0 0.43 0 0.13 0 0.71 0.03 
-1 0 0.12 0.16 0.85 0 0.33 0 1 0.09 
-0.5 0 0.43 0.22 3.64 0.01 1.25 0.19 2.98 0.23 
0 0 0.31 0.7 1.23 0.23 1.18 0.77 2.88 0.09 
0.5 0 1.01 1.46 3.17 0.7 1.81 3.36 3.24 0.21 
1 0.37 1.35 1.24 4.72 0.87 2.69 8.74 5.56 0.23 
1.5 0.64 1.37 1.3 4.85 0.78 4.73 7.88 5.85 0.56 
2 2.7 3.4 1.46 11.8 1.01 9.3 6.15 7.53 0.79 
2.5 19.89 5.07 1.62 22.33 0.31 16.1 0.77 2.1 0.59 
3 26.09 2.84 0.16 10.64 3.59 8.31 8.74 23.49 0.26 
3.5 11.19 4.98 5.78 2.95 8.32 19.72 4.61 5.23 11.09 
4 4.92 7.45 3.57 1.53 7.35 4.12 3.27 1 16.48 
> 4 34.21 69.03 82.33 31.61 76.83 30.33 55.52 36.77 69.35 
Phi  DHS15 DHS17 DHS18 DHS14 DHS12 DHS2 DHS23 DHS22 DHS10 
-2 0 0 0 0 0 0 0 0 0 
-1.5 0.03 0 0 0 0.03 0 0.02 0.07 0.01 
-1 0.07 0.05 0.05 0.02 0.04 0.1 0.04 0.02 0.18 
-0.5 0.1 0.41 0.16 0.01 0.14 0.3 0.08 0.02 0.99 
0 0.12 0.36 0.27 0.04 0.04 0.52 0.06 0.04 0.44 
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Individual Weight Percent (70 Surface Samples) 
0.5 0.14 1.43 0.48 0.03 0.16 0.66 0.17 0.05 2.11 
1 0.13 1.67 0.57 0 0.35 0.61 0.35 0.07 4.17 
Phi  DHS15 DHS17 DHS18 DHS14 DHS12 DHS2 DHS23 DHS22 DHS10 
1.5 0.3 1.61 1.09 0.03 0.92 0.84 0.75 0.35 5.92 
2 2.07 1.64 3.1 0.14 4.56 2.41 1.53 5.1 8.83 
2.5 10.41 2.19 8.64 0.32 10.76 9.1 3.08 11.66 27.09 
3 29.89 2.44 1.5 12.98 27.84 18.71 22.8 21.62 29.21 
3.5 28.56 5.7 27.93 64.08 33.39 32.09 50.61 41.51 12.85 
4 10.9 8.36 11.75 12.9 9.75 9.34 14.16 9.91 2.75 
> 4 17.28 74.13 44.43 9.45 12 25.31 6.36 9.58 5.48 
Phi  DHS9 Chirp 2 MH-2 RI-SW-3 RI-WB-5 RI-N-2 RI-N-3 RI-PS-3 
RI-
WAN-1 
-2 6.9 0 0 0.79 0 0.01 0.05 0 0.04 
-1.5 4.3 0 0.003 0.04 0 0.03 0.62 0 0.08 
-1 4.01 0.05 0.003 0.04 0.007 0.19 0.56 0.003 0.06 
-0.5 4.67 0.05 0.023 0.13 0.018 1.02 1.19 0.024 0.5 
0 1.09 0.11 0.02 0.24 0.051 0.9 2.42 0.055 0.54 
0.5 2.97 0 0.133 0.97 0.226 5.98 5.45 0.63 2.87 
1 4.14 0.41 0.977 2.39 1.18 40.62 17.25 6.48 11.54 
1.5 7.84 0.82 9.4 12.23 8.05 35.59 31.43 28.4 33.56 
2 14.35 5.66 62.29 56.68 49.71 12.44 32.45 47.76 29.83 
2.5 21.81 20.05 17.95 17.08 25.42 2.91 6.59 14.22 14.45 
3 15.11 4.26 7.88 0.65 12.74 0.21 1.85 0.103 5.32 
3.5 5.68 3.43 1.11 3.96 1.41 0.06 0.11 1.63 0.62 
4 1.99 5.47 0.128 1.84 0.36 0.01 0.01 0.23 0.13 
> 4 5.12 59.68 0.05 2.98 0.82 0.02 0.03 0.44 0.46 
Phi  RI-NE-1 RI-N-4 RI-SW-2 RI-SE-5 RI-SE-6 RI-WB-4 RI-SE-4 MH-4 
RI-
WAN-3 
-2 0.16 0.27 6.91 0 0 0 0 0 0 
-1.5 0.24 0.42 10.52 0.01 0 0 0 0 0.04 
-1 0.65 0.49 14.63 0.01 0 0.004 0 0.005 0.09 
-0.5 1.68 3.21 18.59 0.06 0.04 0.02 0.06 0.005 0.29 
0 3.76 2.43 4.47 0.13 0.03 0.01 0.06 0.01 0.48 
0.5 10.02 10.08 8.91 0.21 0.12 0.02 0.08 0.018 0.7 
1 22.57 27.17 13.17 0.42 0.52 0.38 0.22 0.07 1.01 
1.5 20.12 31.22 14.54 1.02 2.89 3.11 0.95 0.187 2.91 
2 18.95 18.72 6.62 6.03 25.06 28.25 5.85 2.53 17.15 
2.5 13.95 3.89 1.17 18.4 46.49 50.6 43.33 30.25 33.77 
3 6.4 0.97 0.13 54.28 17.91 14.74 40.41 59.05 24.36 
3.5 1.35 0.87 0.18 14.15 6.13 2.53 7.8 7.2 15.51 
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Individual Weight Percent (70 Surface Samples) 
4 0.12 0.13 0.07 2.4 0.66 0.23 0.88 0.59 1.78 
> 4 0.05 0.15 0.1 2.88 0.14 0.11 0.36 0.09 1.91 
Phi  RI-WB-1 
RI-
WAN-2 
RI-SW-4 CSI-S-1 RI-WB-3 RI-SE-3 RI-SE-2 CSI-N-2 CSI-N-1 
-2 0.01 0 0.17 0 0 0.04 4.77 0 0 
-1.5 0.05 0 0.41 0.01 0 0.02 0.55 0.04 0.03 
-1 0.48 0.01 0.85 0.003 0.003 0.01 0.28 0.01 0.03 
-0.5 2.33 0.07 3.15 0.01 0.01 0.03 1.23 0.22 0.02 
0 7.31 0.22 1.63 0.11 0.016 0.06 0.15 0.22 0.07 
0.5 7.35 1.02 7.12 1.27 0.197 0.1 0.44 1.4 0.03 
1 2.23 2.98 23.3 8.89 0.486 0.3 1.3 7.62 0.4 
1.5 5.97 16.91 37.79 26.5 3.936 1.06 5.64 26.05 2.44 
2 15.96 42.49 21.16 31.9 41.48 3.43 18.9 32.36 11.68 
2.5 30.98 24.83 3.87 18.2 36.28 45.69 37.98 23.36 58.96 
3 21.69 0.76 0.29 12.02 13.63 41.89 24.4 7.61 24.92 
3.5 2.97 10.24 0.12 0.83 3.43 6.19 3.43 0.86 1.31 
4 1.01 0.18 0.05 0.07 0.34 0.71 0.44 0.1 0.1 
> 4 1.66 0.27 0.09 0.1 0.189 0.46 0.48 0.14 0.03 
Phi  RI-NE-2 
RI-
WAN-4 
RI-SB-2 RI-PS-5 RI-WB-2 DHS16 DHS19 DHS5 DHS6 
-2 0 0 0.21 0 0 0 3.59 0 0 
-1.5 0.003 0 0.015 0 0 0 2.85 0 0 
-1 0.003 0.04 0.011 0.06 0.01 0.01 3.07 0.005 0.01 
-0.5 0.04 0.24 0.079 0.19 0.01 0.04 3.88 0.005 0.01 
0 0.1 0.98 0.1 0.41 0.03 0.07 3.63 0 0 
0.5 0.23 1.45 0.42 1.5 0.06 0.13 8.74 0.08 0.05 
1 1.02 1.3 1.79 8.19 0.35 0.2 20.79 0.73 0.06 
1.5 4.14 4.29 11.39 26.53 1.15 0.5 34.9 9.04 0.14 
2 30.54 29.71 37.95 38.28 15.4 2.38 15.34 48.24 1.17 
2.5 39.8 41.67 35.27 7.85 52.55 10.09 2.04 22.59 27.56 
3 19.45 1.96 1.5 6.76 24.78 38.23 0.05 11.34 54.8 
3.5 4.38 17.15 9.18 4.31 5.02 39.29 1.03 4.69 15.02 
4 0.23 0.59 0.64 2.08 0.48 4.53 0.07 1.3 1.07 
> 4 0.07 0.62 1.44 3.84 0.15 4.54 0.03 1.99 0.11 
Phi  DHS21 DHS1 DHS8 DHS11 DHS4 DHS20 Chirp 1   
-2 0 0 0 0.14 0 0 0.3   
-1.5 0 0 0.04 0.14 0.05 0.01 0.11   
-1 0 0.02 0 0.07 0.12 0.04 0.26   
-0.5 0.001 0.02 0.03 0.06 0.19 0.27 0.51   
0 0.03 0.01 0.02 0.02 0.03 0.19 0.24   
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Individual Weight Percent (70 Surface Samples) 
0.5 0.03 0.05 0.05 0.2 0.1 0.97 1   
1 0.05 0.16 0.16 0.77 0.16 1.89 5.25   
1.5 0.04 0.44 0.65 3.18 0.19 3.32 20.1   
Phi  DHS21 DHS1 DHS8 DHS11 DHS4 DHS20 Chirp 1   
2 0.13 4.41 6.88 13.61 0.43 4.8 27.02   
2.5 0.92 47.46 60.25 29.9 3.79 8.94 28.97   
3 14.44 37.1 26.18 25.2 50.8 45.81 10.54   
3.5 72.64 9.54 4.93 23.42 34.49 25.49 2.56   
4 8.51 0.65 0.54 1.88 4.84 4.72 0.81   
> 4 3.21 0.14 0.28 1.41 4.82 3.56 2.33   
 
 
 
APPENDIX D: GRADISTAT GRAIN-SIZE PARAMETERS (< 5% MUD) 
GRADISTAT Grain-Size Statistics - Samples with < 5% Mud 
Sample 
ID 
Latitude Longitude 
Textural 
Group 
Folk and 
Ward 
(Mean) 
ɸ 
Mean 
Type 
Folk and 
Ward 
(Median) ɸ 
MH-2 35.9095 -75.76534 
Slightly 
Gravelly Sand 
1.88 
Medium 
Sand 
1.81 
RI-SW-
3 
35.82641 -75.6637 
Slightly 
Gravelly Sand 
1.81 
Medium 
Sand 
1.78 
RI-
WB-5 
35.8835 -75.61001 
Slightly 
Gravelly Sand 
1.97 
Medium 
Sand 
1.90 
RI-N-2 35.933 -75.72871 
Slightly 
Gravelly Sand 
1.03 
Medium 
Sand 
1.02 
RI-N-3 35.93568 -75.73264 
Slightly 
Gravelly Sand 
1.30 
Medium 
Sand 
1.35 
RI-PS-
3 
35.81153 -75.64587 
Slightly 
Gravelly Sand 
1.60 
Medium 
Sand 
1.64 
RI-
WAN-
1 
35.83023 -75.61661 
Slightly 
Gravelly Sand 
1.55 
Medium 
Sand 
1.50 
RI-NE-
1 
35.93757 -75.69711 
Slightly 
Gravelly Sand 
1.31 
Medium 
Sand 
1.27 
RI-N-4 35.93915 -75.73711 
Slightly 
Gravelly Sand 
1.09 
Medium 
Sand 
1.09 
RI-SW-
2 
35.83048 -75.66133 Sandy Gravel -0.28 
Very 
Coarse 
Sand 
-0.51 
RI-SE-
5 
35.81453 -75.60369 
Slightly 
Gravelly Sand 
2.64 Fine Sand 2.69 
RI-SE-
6 
35.8126 -75.5975 Sand 2.23 Fine Sand 2.22 
RI-
WB-4 
35.88271 -75.61337 
Slightly 
Gravelly Sand 
2.14 Fine Sand 2.17 
RI-SE-
4 
35.81387 -75.60798 Sand 2.49 Fine Sand 2.47 
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GRADISTAT Grain-Size Statistics - Samples with < 5% Mud 
Sample 
ID 
Latitude Longitude 
Textural 
Group 
Folk and 
Ward 
(Mean) 
ɸ 
Mean 
Type 
Folk and 
Ward 
(Median) ɸ 
MH-4 35.87965 -75.74884 
Slightly 
Gravelly Sand 
2.59 Fine Sand 2.62 
RI-
WAN-
3 
35.83048 -75.61233 
Slightly 
Gravelly Sand 
2.40 Fine Sand 2.37 
RI-
WB-1 
35.87938 -75.62655 
Slightly 
Gravelly Sand 
1.73 
Medium 
Sand 
2.11 
RI-
WAN-
2 
35.83035 -75.61461 
Slightly 
Gravelly Sand 
1.85 
Medium 
Sand 
1.84 
RI-SW-
4 
35.82174 -75.66588 
Slightly 
Gravelly Sand 
1.15 
Medium 
Sand 
1.17 
CSI-S-
1 
35.86846 -75.66148 
Slightly 
Gravelly Sand 
1.73 
Medium 
Sand 
1.70 
RI-
WB-3 
35.88165 -75.61775 
Slightly 
Gravelly Sand 
2.07 Fine Sand 2.05 
RI-SE-
3 
35.81318 -75.61219 
Slightly 
Gravelly Sand 
2.49 Fine Sand 2.46 
RI-SE-
2 
35.81244 -75.61716 Gravelly Sand 2.16 Fine Sand 2.21 
CSI-N-
2 
35.87363 -75.66611 
Slightly 
Gravelly Sand 
1.72 
Medium 
Sand 
1.72 
CSI-N-
1 
35.87404 -75.66505 
Slightly 
Gravelly Sand 
2.33 Fine Sand 2.28 
RI-NE-
2 
35.93981 -75.69588 
Slightly 
Gravelly Sand 
2.18 Fine Sand 2.17 
RI-
WAN-
4 
35.83097 -75.60952 
Slightly 
Gravelly Sand 
2.27 Fine Sand 2.13 
RI-SB-
2 
35.91632 -75.66213 
Slightly 
Gravelly Sand 
1.97 
Medium 
Sand 
1.96 
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GRADISTAT Grain-Size Statistics - Samples with < 5% Mud 
Sample 
ID 
Latitude Longitude 
Textural 
Group 
Folk and 
Ward 
(Mean) 
ɸ 
Mean 
Type 
Folk and 
Ward 
(Median) ɸ 
RI-PS-
5 
35.80552 -75.64809 
Slightly 
Gravelly Sand 
1.69 
Medium 
Sand 
1.64 
RI-
WB-2 
35.88036 -75.62292 
Slightly 
Gravelly Sand 
2.35 Fine Sand 2.30 
DHS16 35.81429 -75.70326 
Slightly 
Gravelly Sand 
2.93 Fine Sand 2.95 
DHS19 35.79966 -75.67908 Gravelly Sand 0.83 
Coarse 
Sand 
1.05 
DHS5 35.96349 -75.68958 
Slightly 
Gravelly Sand 
2.00 Fine Sand 1.91 
DHS6 35.92612 -75.75225 
Slightly 
Gravelly Sand 
2.64 Fine Sand 2.68 
DHS21 35.93248 -75.6733 Sand 3.21 
Very Fine 
Sand 
3.21 
DHS1 35.97622 -75.72591 
Slightly 
Gravelly Sand 
2.49 Fine Sand 2.45 
DHS8 35.90338 -75.75189 
Slightly 
Gravelly Sand 
2.40 Fine Sand 2.33 
DHS11 35.8878 -75.72098 
Slightly 
Gravelly Sand 
2.53 Fine Sand 2.50 
DHS4 35.94891 -75.72591 
Slightly 
Gravelly Sand 
2.94 Fine Sand 2.91 
DHS20 35.79306 -75.6225 
Slightly 
Gravelly Sand 
2.76 Fine Sand 2.79 
Chirp 1 35.87989 -75.67258 
Slightly 
Gravelly Sand 
1.84 
Medium 
Sand 
1.89 
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GRADISTAT Grain-Size Statistics - Samples with < 5% Mud 
Sample ID Latitude Longitude Sorting 
Mode 
Distributio
n 
Skewness 
MH-2 35.9095 -75.76534 
Well 
Sorted 
Unimodal Fine Skewed 
RI-SW-3 35.82641 -75.6637 
Moderately 
Well 
Sorted 
Unimodal Fine Skewed 
RI-WB-5 35.8835 -75.61001 
Well 
Sorted 
Unimodal Fine Skewed 
RI-N-2 35.933 -75.72871 
Well 
Sorted 
Unimodal Symmetrical 
RI-N-3 35.93568 -75.73264 
Moderately 
Well 
Sorted 
Unimodal Coarse Skewed 
RI-PS-3 35.81153 -75.64587 
Well 
Sorted 
Unimodal Coarse Skewed 
RI-WAN-1 35.83023 -75.61661 
Moderately 
Well 
Sorted 
Unimodal Symmetrical 
RI-NE-1 35.93757 -75.69711 
Moderately 
Sorted 
Unimodal Symmetrical 
RI-N-4 35.93915 -75.73711 
Moderately 
Well 
Sorted 
Unimodal Symmetrical 
RI-SW-2 35.83048 -75.66133 
Poorly 
Sorted 
Bimodal Fine Skewed 
RI-SE-5 35.81453 -75.60369 
Well 
Sorted 
Unimodal Coarse Skewed 
RI-SE-6 35.8126 -75.5975 
Well 
Sorted 
Unimodal Symmetrical 
RI-WB-4 35.88271 -75.61337 
Well 
Sorted 
Unimodal Symmetrical 
RI-SE-4 35.81387 -75.60798 
Well 
Sorted 
Unimodal Symmetrical 
MH-4 35.87965 -75.74884 
Well 
Sorted 
Unimodal Symmetrical 
RI-WAN-3 35.83048 -75.61233 
Moderately 
Well 
Sorted 
Unimodal Symmetrical 
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GRADISTAT Grain-Size Statistics - Samples with < 5% Mud 
Sample ID Latitude Longitude Sorting 
Mode 
Distributio
n 
Skewness 
RI-WB-1 35.87938 -75.62655 
Poorly 
Sorted 
Bimodal Very Coarse Skewed 
RI-WAN-2 35.83035 -75.61461 
Moderately 
Well 
Sorted 
Bimodal Fine Skewed 
RI-SW-4 35.82174 -75.66588 
Moderately 
Well 
Sorted 
Unimodal Coarse Skewed 
CSI-S-1 35.86846 -75.66148 
Moderately 
Well 
Sorted 
Unimodal Symmetrical 
RI-WB-3 35.88165 -75.61775 
Well 
Sorted 
Unimodal Fine Skewed 
RI-SE-3 35.81318 -75.61219 
Well 
Sorted 
Unimodal Fine Skewed 
RI-SE-2 35.81244 -75.61716 
Poorly 
Sorted 
Unimodal Very Coarse Skewed 
CSI-N-2 35.87363 -75.66611 
Moderately 
Well 
Sorted 
Unimodal Symmetrical 
CSI-N-1 35.87404 -75.66505 
Well 
Sorted 
Unimodal Symmetrical 
RI-NE-2 35.93981 -75.69588 
Well 
Sorted 
Unimodal Symmetrical 
RI-WAN-4 35.83097 -75.60952 
Moderately 
Well 
Sorted 
Bimodal Fine Skewed 
RI-SB-2 35.91632 -75.66213 
Moderately 
Well 
Sorted 
Bimodal Fine Skewed 
RI-PS-5 35.80552 -75.64809 
Moderately 
Well 
Sorted 
Unimodal Fine Skewed 
RI-WB-2 35.88036 -75.62292 
Well 
Sorted 
Unimodal Fine Skewed 
DHS16 35.81429 -75.70326 
Well 
Sorted 
Unimodal Coarse Skewed 
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GRADISTAT Grain-Size Statistics - Samples with < 5% Mud 
Sample ID Latitude Longitude Sorting 
Mode 
Distributio
n 
Skewness 
DHS19 35.79966 -75.67908 
Moderately 
Sorted 
Unimodal Very Coarse Skewed 
DHS5 35.96349 -75.68958 
Moderately 
Well 
Sorted 
Unimodal Fine Skewed 
DHS6 35.92612 -75.75225 
Well 
Sorted 
Unimodal Symmetrical 
DHS21 35.93248 -75.6733 
Very Well 
Sorted 
Unimodal Symmetrical 
DHS1 35.97622 -75.72591 
Well 
Sorted 
Unimodal Fine Skewed 
DHS8 35.90338 -75.75189 
Well 
Sorted 
Unimodal Fine Skewed 
DHS11 35.8878 -75.72098 
Moderately 
Well 
Sorted 
Bimodal Symmetrical 
DHS4 35.94891 -75.72591 
Very Well 
Sorted 
Unimodal Symmetrical 
DHS20 35.79306 -75.6225 
Moderately 
Well 
Sorted 
Unimodal Coarse Skewed 
Chirp 1 35.87989 -75.67258 
Moderately 
Well 
Sorted 
Unimodal Symmetrical 
APPENDIX E: DESCRIPTIONS OF SURFACE SEDIMENT 
Surficial Sediment Survey (79 Total Samples) - Roanoke Island, NC Vicinity 
Sample 
ID 
Latitude Longitude 
Field Description 
Appearance @ 
Time of Collection 
Estuarine Region 
Water 
Depth 
(m) 
MH-1 35.90852 -75.76801 
Marsh platform, 
peat intermixed 
with mud, loose 
roots 
Western Croatan 
Sound 
1.68 
MH-2 35.9095 -75.76534 
Off of submerged 
marsh platform, 
sand 
Western Croatan 
Sound 
2.56 
MH-3 35.87986 -75.75089 Peat, minor sand 
Western Croatan 
Sound 
1.22 
MH-4 35.87965 -75.74884 Sand 
Western Croatan 
Sound 
1.16 
MH-5 35.8794 -75.74535 
Off of a 2nd ledge, 
potential older 
platform scarp, 
very fine sand with 
a few minor shells 
Western Croatan 
Sound 
3.05 
CSI-N-
1 
35.87404 -75.66505 
Marsh platform, 
fine sand with 
organics 
Eastern Croatan 
Sound 
0.61 
CSI-N-
2 
35.87363 -75.66611 
Fine-medium sand, 
some shells and 
organics 
Eastern Croatan 
Sound 
1.68 
CSI-N-
3 
35.87275 -75.66776 Organic-rich mud 
Eastern Croatan 
Sound 
3.47 
CSI-N-
4 
35.87178 -75.66949 
Organic-rich mud 
on top of loose peat 
fragments 
Eastern Croatan 
Sound 
3.51 
CSI-N-
5 
35.87062 -75.67148 
Organic-rich mud, 
minor fine sand 
and shell material 
Eastern Croatan 
Sound 
3.66 
CSI-S-
1 
35.86846 -75.66148 
Sand with dark 
lithic fragments 
Eastern Croatan 
Sound 
1.07 
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Surficial Sediment Survey (79 Total Samples) - Roanoke Island, NC Vicinity 
Sample 
ID 
Latitude Longitude 
Field Description 
Appearance @ 
Time of Collection 
Estuarine Region 
Water 
Depth 
(m) 
CSI-S-
2 
35.86814 -75.66296 
Gritty mud, root 
and plant/grass 
fragments 
Eastern Croatan 
Sound 
2.59 
CSI-S-
3 
35.86774 -75.66474 
Gritty mud, root 
and plant/grass 
fragments 
Eastern Croatan 
Sound 
3.35 
CSI-S-
4 
35.86659 -75.66703 
Organic-rich mud, 
minor fine sand  
Eastern Croatan 
Sound 
3.81 
CSI-S-
5 
35.8653 -75.66945 Organic-rich mud 
Eastern Croatan 
Sound 
3.66 
RI-
SW-1 
35.83263 -75.65968 
~ 10 -20 ft 
offshore, peat 
Southwestern 
Croatan Sound 
1.37 
RI-
SW-2 
35.83048 -75.66133 
Very coarse 
sediment, gravel 
abundant and 
shells, potential 
channel remnant or 
erosional feature 
Southwestern 
Croatan Sound 
1.52 
RI-
SW-3 
35.82641 -75.6637 
Dark organic-rich 
mud, a large shell 
and minor fine 
sand 
Southwestern 
Croatan Sound 
2.29 
RI-
SW-4 
35.82174 -75.66588 
Sand, (mm) size 
shell fragments, 
distinct "salt and 
pepper" coloring of 
grains 
Southwestern 
Croatan Sound 
2.74 
RI-
SW-5 
35.81339 -75.6714 Organic-rich mud 
Southwestern 
Croatan Sound 
2.9 
RI-PS-
1 
35.81786 -75.64494 
Loose peat, fine 
grained sediment, 
shells throughout 
Southwestern 
Croatan Sound / 
Extreme Northern 
Pamlico Sound 
2.29 
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Surficial Sediment Survey (79 Total Samples) - Roanoke Island, NC Vicinity 
Sample 
ID 
Latitude Longitude 
Field Description 
Appearance @ 
Time of Collection 
Estuarine Region 
Water 
Depth 
(m) 
RI-PS-
2 
35.81527 -75.64491 
Organics/roots and 
shells with mud, no 
observable sand 
Southwestern 
Croatan Sound / 
Extreme Northern 
Pamlico Sound 
3.2 
RI-PS-
3 
35.81153 -75.64587 
Medium-coarse 
sand, well sorted 
with dark lithic 
fragments 
Southwestern 
Croatan Sound / 
Extreme Northern 
Pamlico Sound 
2.74 
RI-PS-
4 
35.80892 -75.6468 
Organic-rich mud, 
greenish-dark 
brown color, with 
some black areas 
Southwestern 
Croatan Sound / 
Extreme Northern 
Pamlico Sound 
3.05 
RI-PS-
5 
35.80552 -75.64809 
Organic-rich mud, 
some minor grass 
and shells, fine 
sand present 
Southwestern 
Croatan Sound / 
Extreme Northern 
Pamlico Sound 
3.05 
RI-SE-
1 
35.81174 -75.61968 
Some mud with 
peat material 
Southern Roanoke 
Sound 
1.52 
RI-SE-
2 
35.81244 -75.61716 
Medium sand, shell 
and wood 
fragments, black 
lithics 
Southern Roanoke 
Sound 
1.52 
RI-SE-
3 
35.81318 -75.61219 
Black very fine 
sand, lighter 
coarser sand with 
shell fragments 
Southern Roanoke 
Sound 
1.74 
RI-SE-
4 
35.81387 -75.60798 
Black very fine 
sand, lighter 
coarser sand, minor 
shells, less than RI-
SE-3 
Southern Roanoke 
Sound 
1.77 
RI-SE-
5 
35.81453 -75.60369 Dark sandy mud 
Southern Roanoke 
Sound 
1.92 
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Surficial Sediment Survey (79 Total Samples) - Roanoke Island, NC Vicinity 
Sample 
ID 
Latitude Longitude 
Field Description 
Appearance @ 
Time of Collection 
Estuarine Region 
Water 
Depth 
(m) 
RI-SE-
6 
35.8126 -75.5975 
Sand, medium 
grained with some 
plant fragments, 
not as many lithics 
Southern Roanoke 
Sound 
0.91 
RI-SE-
7 
35.81238 -75.59426 
Mud with a lot of 
seagrass, 
submerged aquatic 
vegetation location 
Southern Roanoke 
Sound 
0.37 
RI-
WAN-
1 
35.83023 -75.61661 
Medium-coarse 
sand, some shell 
and lithic material 
Southern Roanoke 
Sound 
1.22 
RI-
WAN-
2 
35.83035 -75.61461 
Medium-coarse 
sand, less shell 
material than RI-
WAN-1 
Southern Roanoke 
Sound 
1.22 
RI-
WAN-
3 
35.83048 -75.61233 
Fine sand, green-
grayish and dark 
brown regions, no 
shells observed 
Southern Roanoke 
Sound 
1.52 
RI-
WAN-
4 
35.83097 -75.60952 
Fine sand, green-
grayish and dark 
brown regions, no 
shells observed 
Southern Roanoke 
Sound 
1.22 
RI-
WB-1 
35.87938 -75.62655 
Dark brown-black 
medium sand, 
gravel sized shell 
fragments 
Central Roanoke 
Sound 
1.22 
RI-
WB-2 
35.88036 -75.62292 
Brown medium 
sand, some shell 
fragments 
Central Roanoke 
Sound 
0.91 
RI-
WB-3 
35.88165 -75.61775 
Medium sand, less 
shell fragments 
than RI-WB-2 
Central Roanoke 
Sound 
0.85 
RI-
WB-4 
35.88271 -75.61337 
Medium sand, 
similar shell 
fragments as RI-
WB-3 
Central Roanoke 
Sound 
0.7 
RI-
WB-5 
35.8835 -75.61001 
Fine sand, greyish 
brown, off back-
barrier marsh 
Central Roanoke 
Sound 
0.55 
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Surficial Sediment Survey (79 Total Samples) - Roanoke Island, NC Vicinity 
Sample 
ID 
Latitude Longitude 
Field Description 
Appearance @ 
Time of Collection 
Estuarine Region 
Water 
Depth 
(m) 
RI-SB-
1 
35.91632 -75.66293 
Loose peat and 
plant material, 
minor sand, 
possibly young 
submerged marsh 
Shallowbag Bay 0.46 
RI-SB-
2 
35.91632 -75.66213 
Fine sand, some 
dark mud and shell 
materials 
Shallowbag Bay 1.1 
RI-SB-
3 
35.9156 -75.66067 
Some sand with 
mud intermixed 
Shallowbag Bay 1.58 
RI-SB-
4 
35.90771 -75.65369 
Organic-rich mud, 
sulfur smell 
Shallowbag Bay 2.35 
RI-NE-
1 
35.93757 -75.69711 
Coarse sand, some 
gravel and shell 
fragments 
Northern Roanoke 
Sound 
0.76 
RI-NE-
2 
35.93981 -75.69588 
Medium sand, few 
shells 
Northern Roanoke 
Sound 
0.91 
RI-NE-
3 
35.94433 -75.69273 
Mud mixed with 
very fine sand 
Northern Roanoke 
Sound 
2.8 
RI-NE-
4 
35.94842 -75.68855 
Mud, similar to RI-
NE-3 
Northern Roanoke 
Sound 
3.05 
RI-N-2 35.933 -75.72871 
Coarse sand, small 
pebbles 
Northeastern 
Croatan Sound 
1.62 
RI-N-3 35.93568 -75.73264 
Coarse sand, some 
shell material 
Northeastern 
Croatan Sound 
2.53 
RI-N-4 35.93915 -75.73711 
Coarse sand, some 
shell material 
Northeastern 
Croatan Sound 
3.17 
RI-W-
1 
35.88985 -75.68208 
Peat with abundant 
mud matrix 
Eastern Croatan 
Sound 
1.07 
RI-W-
2 
35.88968 -75.68449 
Peat with mud and 
sand 
Eastern Croatan 
Sound 
2.68 
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Surficial Sediment Survey (79 Total Samples) - Roanoke Island, NC Vicinity 
Sample 
ID 
Latitude Longitude 
Field Description 
Appearance @ 
Time of Collection 
Estuarine Region 
Water 
Depth 
(m) 
RI-W-
3 
35.88963 -75.68772 
Mud, color darkens 
with sediment grab 
depth, transitioning 
from mud to a thin 
layer of coarse 
sand 
Eastern Croatan 
Sound 
2.99 
RI-W-
5 
35.8902 -75.69681 
Light mud layer 
over darker brown 
coarse sand and 
shells 
Eastern Croatan 
Sound 
2.74 
DH-S1 35.97622 -75.72591 Sand 
Southern 
Albemarle 
Sound/Extreme 
Northern Roanoke 
Sound 
4.27 
DH-S2 35.96404 -75.79506 Mud 
Southern 
Albemarle 
Sound/Extreme 
Northern Croatan 
Sound 
5.64 
DH-S4 35.94891 -75.72591 Muddy sand 
Croatan/Roanoke 
Sound 
2.87 
DH-S5 35.96349 -75.68958 Muddy sand 
Northern Roanoke 
Sound 
2.90 
DH-S6 35.92612 -75.75225 Sand 
Northern Croatan 
Sound 
4.02 
DH-S7 
Anchor 
35.9154 -75.74699 
Gray thick mud, 
pulled up by 
anchor, possibly 
older mud under a 
current layer of 
gravely sediment 
Northern Croatan 
Sound 
5.70 
DH-S8 35.90338 -75.75189 Muddy sand 
Northwestern 
Croatan Sound 
3.47 
DH-S9 35.90744 -75.7384 
Sand with clumps 
of mud 
North-central 
Croatan Sound 
7.01 
DH-
S10 
35.91179 -75.72567 Muddy sand 
Northeastern 
Croatan Sound 
3.75 
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Surficial Sediment Survey (79 Total Samples) - Roanoke Island, NC Vicinity 
Sample 
ID 
Latitude Longitude 
Field Description 
Appearance @ 
Time of Collection 
Estuarine Region 
Water 
Depth 
(m) 
DH-
S11 
35.0878 -75.72098 Mud, some sand 
Central Croatan 
Sound 
4.88 
DH-
S12 
35.84564 -75.73636 Sandy mud 
Western Croatan 
Sound 
3.35 
DH-
S14 
35.86225 -75.67651 Gritty mud 
Eastern Croatan 
Sound 
2.99 
DH-
S15 
35.80635 -75.71921 
Roanoke Marshes, 
mud, some sand 
Southwestern 
Croatan Sound 
3.81 
DH-
S16 
35.81429 -75.70326 
Muddy, some fine 
sand, no loose 
organics (Roanoke 
Marshes) 
South-central 
Croatan Sound 
4.57 
DH-
S17 
35.82417 -75.67794 
Mud, no sand 
really, some 
organics (twigs), 
channel 
Southeastern 
Croatan Sound 
4.88 
DH-
S18 
35.83441 -75.67813 Muddy "channel" 
Southeastern 
Croatan Sound 
4.57 
DH-
S19 
35.79966 -75.67908 Coarse sand 
Southern Croatan 
Sound/Extreme 
Northern Pamlico 
Sound 
2.74 
DH-
S20 
35.79306 -75.6225 Sand 
Extreme Northern 
Pamlico Sound 
2.59 
DH-
S21 
35.93248 -75.6733 
Submerged aquatic 
vegetation, sandy 
hard bottom 
Northwestern 
Roanoke Sound 
0.61 
DH-
S22 
35.94537 -75.6417 Muddy sand 
Northeastern 
Roanoke Sound 
2.87 
DH-
S23 
35.79461 -75.65214 
Very fine sand, 
coarse mud 
Extreme Northern 
Pamlico Sound 
3.20 
Chirp 
1 
35.87989 -75.67258 
Organic-rich fine 
sand, some organic 
debris 
Eastern Croatan 
Sound 
Unknown 
Chirp 
2 
35.878808 -75.67734 
Grayish organic-
rich mud 
Eastern Croatan 
Sound 
Unknown 
APPENDIX F: CORE PROPERTIES AND RADIONUCLIDE ACTIVITIES  
CSI-S-5: Core Properties 
Depth 
(cm) 
Mud % Sand % LOI % 
Porosity 
% 
Laboratory Observations 
0.5 63.49 36.51 12.46 (1 
cm) 
92.02 
0-5 cm: sandy to gritty-mud in appearance  
1.5 54.48 45.52 82.76 
2.5 56.08 43.92 10.20 83.07 
3.5 65.12 34.88 12.09 84.15 
4.5 60.80 39.20 11.01 81.92 
5.5 58.68 41.32 11.12 81.98 
5-10 cm: less gritty, thicker mud in appearance 
6.5 60.14 39.86 9.93 80.12 
7.5 61.29 38.71 7.48 76.89 
8.5 61.73 38.27 8.16 75.26 
9.5 61.30 38.70 8.35 74.82 
10.5 58.45 41.55 7.48 73.19 10-12 cm: fine-sand to mud with a greenish 
brown color in appearance 11.5 60.23 39.77 7.55 72.11 
12.5 56.20 43.80 7.22 71.50 
12-13 cm: mud is slightly more blocky, with 
fine-sand visible, retaining greenish brown 
color 
13.5 58.87 41.13 6.65 69.40 
13-14 cm: some shells and organics observed, 
color and texture similar to 10-12 cm 
14.5 55.76 44.24 6.64 68.60 
14-15 cm: color and texture similar to 13-14 
cm 
15.5 43.65 56.35 6.28 65.85 
15-24 cm: scattered organics and shells 
throughout, with the majority from 18-20 cm 
and 22-24cm, texture consists of thick-gritty 
mud with a dark brownish green color 
17 34.52 65.48 6.22 64.90 
19 33.68 66.32 5.95 63.48 
21 40.64 59.36 6.16 63.02 
23 43.87 56.13 6.68 64.98 
25 51.10 48.90 8.80 66.94 
24-32 cm: gritty mud to fine-sand, thick 
consistency, with a medium to grayish brown 
color, lacks organics (peat) and shells 
27 65.41 34.59 9.81 69.26 
29 71.06 28.94 9.98 69.02 
31 61.40 38.60 8.87 66.69 
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CSI-N-3: Core Properties 
Depth (cm) LOI % Porosity % Laboratory Observations 
0.5 16.72 89.33 mud + minor organics 
1.5 17.11 91.70 mud + minor organics 
2.5 16.67 46.26 peat, 0.5 inch white shell (half bivalve) 
3.5 26.17 84.67 peat + twigs 
4.5 29.10 86.57 peat 
5.5 30.65 85.34 peat 
6.5 34.10 86.49 peat 
7.5 37.37 86.72 peat 
8.5 30.86 84.35 peat + wood fragments, little mud 
9.5 27.61 82.36 peat 
10.5 25.54 81.12 peat 
11.5 25.41 80.71 peat 
12.5 28.05 81.14 base/peat 
 
CSI-N-5: Core Properties 
Depth 
(cm) 
Mud % Sand % LOI % 
Porosity 
% 
Laboratory Observations 
0.5 No Data No Data 16.26 94.66 0-2 cm: mud, smooth 
consistency  1.5 60.57 39.43 No Data 88.14 
2.5 80.66 19.34 No Data 85.92 
2-4 cm: mud with some minor 
gritty sand 
3.5 84.92 15.08 12.62 85.45 
4-7 cm: thick mud, slightly less 
grittier than 2-4 cm 
4.5 60.93 39.07 11.42 83.55 
5.5 63.42 36.58 9.44 79.89 
6.5 63.64 36.36 8.68 78.28 
7-10 cm: much less water 
content, mud feels thicker 
7.5 63.43 36.57 9.04 77.51 
8.5 60.08 39.92 8.83 76.80 
9.5 68.29 31.71 8.16 74.40 
10.5 61.38 38.62 6.83 72.44 10-12 cm: mud to fine-sand, ~ 2 
mm and ~ 2 cm shell observed 
(11.5 cm depth), shells were 
fragmented 
11.5 59.65 40.35 6.90 72.66 
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CSI-N-5: Core Properties 
Depth 
(cm) 
Mud % Sand % LOI % 
Porosity 
% 
Laboratory Observations 
12.5 63.19 36.81 7.40 73.31 
12-13 cm: some smaller shells 
observed, minor sand, dominated 
by a thick gritty mud 
13.5 61.33 38.67 7.09 72.11 
13-15 cm: minor sand, thick 
gritty mud 14.5 60.73 39.27 7.19 71.55 
15.5 63.61 36.39 7.69 71.26 
15-20 cm: thick, brownish green 
mud, observable minor organics 
17 60.01 39.99 7.86 70.93 
19 54.85 45.15 8.10 70.82 
21 46.61 53.39 11.43 74.48 
20-22 cm: sharp transition into 
blocky organic fragments and 
gritty mud 
23 39.35 60.65 18.91 82.34 
22-24 cm: more peaty fragments 
visible 
25 58.77 41.23 33.51 88.90 24-32 cm: similar texture and 
color, unconsolidated peat 
within an organic-rich black 
gritty mud matrix, sand fraction 
consists of a large amount of 
organic material 
27 41.75 58.25 56.04 93.67 
29 29.90 70.10 59.24 93.75 
31 41.44 58.56 56.15 93.27 
33 42.43 57.57 60.45 93.23 
32-40 cm: black organic-rich 
mud with a lot of unconsolidated 
peat fragments, sand fraction 
consists of a large amount of 
organic material, interval 
resembles a "wet tobacco" 
texture 
35 41.80 58.20 64.37 92.97 
37 27.38 72.62 60.74 92.51 
39 37.53 62.47 58.07 91.90 
 
RI-SB-4: Core Properties 
Depth 
(cm) 
Mud 
% 
Sand % LOI % Porosity % Laboratory Physical Description 
0.5 76.20 23.80 No Data 94.33 0-2 cm: very watery, medium brown 
color 1.5 68.31 31.69 No Data 94.16 
2.5 75.14 24.86 17.15 92.07 2-4 cm: same color and texture as 0-2 
cm, but less water present 
3.5 69.56 30.44 No Data 87.53 
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RI-SB-4: Core Properties 
Depth 
(cm) 
Mud 
% 
Sand % LOI % Porosity % Laboratory Physical Description 
4.5 61.70 38.30 10.91 83.27 
4-5 cm: grayish medium brown color, 
slightly thicker mud 
5.5 54.38 45.62 10.86 82.39 
5-8 cm: grayish medium brown color, 
thick mud; some areas of possible iron 
staining (reddish) observed after drying 
the sample 
6.5 51.95 48.05 11.21 82.32 
7.5 47.08 52.92 10.24 80.65 
8.5 41.62 58.38 7.56 75.20 
8-9 cm: grayish medium brown color, 
thick mud 
9.5 44.80 55.20 7.58 71.91 
9-10 cm: noticeably less water present, 
color change observed (more grayish 
brown) 
10.5 40.12 59.88 7.14 69.78 
10-13 cm: mud appears to be thicker, 
drier, and grayish brown 
11.5 44.57 55.43 7.38 68.91 
12.5 47.39 52.61 7.79 69.64 
13.5 46.23 53.77 7.97 69.39 
13-14 cm: similar texture and color as 
10-13 cm, some shells observed 
14.5 47.44 52.56 7.60 68.20 
14-19 cm: similar texture and color at 
13-14 cm, minor shells present 
throughout 
15.5 45.37 54.63 7.32 68.07 
16.5 46.00 54.00 6.41 65.93 
17.5 33.79 66.21 5.28 61.85 
18.5 31.08 68.92 3.81 56.49 
19.5 19.15 80.85 3.53 54.13 
19-22 cm: color change observed 
(darkening) 
20.5 21.12 78.88 3.54 53.47 
21.5 22.03 77.97 3.54 53.48 
 
DH-S17: Core Properties 
Depth (cm) Mud Percent Sand Percent Percent LOI Porosity (%) 
0.5 76.68 23.32 19.96 92.42 
1.5 77.85 22.15 16.12 91.63 
2.5 83.32 16.68 No Data 90.80 
3.5 78.90 21.10 No Data 90.27 
4.5 74.17 25.83 19.32 87.98 
5.5 78.13 21.87 12.96 84.10 
6.5 52.27 47.73 6.63 73.41 
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DH-S17: Core Properties 
Depth (cm) Mud Percent Sand Percent Percent LOI Porosity (%) 
7.5 63.39 36.61 8.93 78.88 
8.5 75.54 24.46 15.91 87.00 
9.5 69.97 30.03 11.51 83.74 
11 66.89 33.11 10.27 80.84 
13 67.34 32.66 14.05 85.09 
15 69.64 30.36 15.79 85.99 
17 57.15 42.85 10.65 80.40 
19 26.99 73.01 3.28 59.49 
21 48.06 51.94 7.77 72.87 
23 78.54 21.46 14.71 83.70 
25 70.34 29.66 13.97 83.34 
27 68.39 31.61 15.57 83.92 
29 72.89 27.11 14.13 82.78 
31 62.20 37.80 10.06 76.14 
 
CSI-S-5 (Core) 
  Pb-210   
xs Pb-
210 
  Be-7   Cs-137   
  46.5       477.6   661.6   
Midpoint Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
1.00 8.61 0.76 7.45 0.77 BD BD 0.33 0.06 
2.50 7.73 0.69 6.62 0.70 BD BD 0.29 0.05 
3.50 8.98 0.83 7.77 0.85 BD BD 0.32 0.05 
4.50 8.00 0.75 6.99 0.79 0.92 1.70 0.29 0.05 
5.50 8.61 0.80 7.49 0.82 1.48 2.19 0.23 0.05 
6.50 7.32 0.69 6.06 0.72 BD BD 0.29 0.04 
7.50 5.99 0.60 4.71 0.61 BD BD 0.24 0.04 
8.50 5.67 0.46 4.48 0.46 BD BD 0.28 0.02 
9.50 5.97 0.58 4.70 0.62 BD BD 0.29 0.04 
10.50 4.03 0.50 2.96 0.52 0.97 1.80 0.38 0.05 
11.50 4.43 0.48 3.39 0.48 BD BD 0.27 0.04 
12.50 5.11 0.56 3.92 0.56 BD BD 0.23 0.04 
13.50 4.28 0.49 3.16 0.53 BD BD 0.24 0.04 
14.50 3.38 0.30 2.23 0.32 BD BD 0.26 0.02 
15.50 3.36 0.33 2.23 0.33 BD BD 0.24 0.03 
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CSI-S-5 (Core) 
17.00 2.60 0.40 1.59 0.42 0.43 1.99 0.22 0.04 
19.00 2.20 0.35 1.22 0.35 2.47 2.34 0.14 0.04 
21 1.94 0.26 0.94 0.31 BD BD 0.08 0.03 
23 1.28 0.34 0.33 0.44 BD BD 0.07 0.04 
25 1.97 0.38 0.79 0.4 BD BD 0.05 0.04 
27 1.72 0.35 0.59 0.38 1.51 2.39 0.08 0.04 
29.00 1.93 0.35 0.57 0.36 0.86 2.33 0 0 
31.00 1.64 0.21 0.18 0.22 2.85 1.43 0.02 0.02 
 
CSI-N-3 (Core) 
  Pb-210   
xs Pb-
210 
  Be-7   Cs-137   
  46.5       477.6   661.6   
Midpoint Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
0.50 5.40 0.55 4.27 0.57 BD BD 0.17 0.04 
1.50 3.63 0.37 2.52 0.38 5.14 4.22 0.08 0.03 
2.5 2.24 0.25 1.18 0.26 1.2 3.14 0.03 0.02 
3.50 1.75 0.37 0.67 0.41 BD BD 0.06 0.04 
4.50 2.23 0.36 1.33 0.39 BD BD 0.09 0.04 
5.50 1.68 0.40 0.55 0.41 BD BD 0.01 0.04 
6.50 1.51 0.24 0.57 0.25 3.64 4.95 0.08 0.02 
7.50 1.43 0.37 0.42 0.39 BD BD 0.06 0.04 
8.50 1.02 0.34 0.02 0.35 BD BD 0.01 0.04 
9.50 1.79 0.37 0.66 0.38 BD BD 0.00 0.04 
10.50 0.89 0.35 -0.30 0.36 BD BD 0.04 0.04 
11.50 1.16 0.39 -0.11 0.40 BD BD 0.08 0.04 
12.50 1.31 0.30 0.14 0.31 BD BD 0.00 0.00 
 
CSI-N-5 (Core) 
  Pb-210   
xs Pb-
210 
  Be-7   Cs-137   
  46.5       477.6   661.6   
Midpoint Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
0.50 8.85 0.89 7.47 0.93 2.90 1.94 0.38 0.07 
1.50 11.02 1.23 9.68 1.26 BD BD 0.33 0.10 
144 
 
CSI-N-5 (Core) 
2.5 9.77 1.04 8.34 1.14 BD BD 0.31 0.08 
3.50 8.63 0.83 7.20 0.84 BD BD 0.33 0.06 
4.50 8.42 0.73 7.22 0.73 0.38 0.51 0.26 0.04 
5.50 8.05 0.73 6.75 0.76 BD BD 0.35 0.05 
6.50 7.63 0.72 6.36 0.74 BD BD 0.31 0.05 
7.50 7.2 0.74 5.83 0.74 BD BD 0.41 0.06 
8.50 6.31 0.66 5.12 0.67 2.59 1.75 0.36 0.06 
9.50 5.44 0.6 4.18 0.62 BD BD 0.24 0.05 
10.50 4.66 0.48 3.17 0.49 BD BD 0.28 0.03 
11.50 4.33 0.41 3.02 0.42 BD BD 0.34 0.03 
12.50 4.65 0.48 3.19 0.48 BD BD 0.3 0.05 
13.50 5.06 0.46 3.69 0.46 BD BD 0.3 0.04 
14.50 4.81 0.54 3.48 0.54 BD BD 0.38 0.06 
15.50 4.17 0.37 2.78 0.38 BD BD 0.33 0.02 
17.00 3.9 0.39 2.64 0.39 BD BD 0.35 0.03 
19.00 3.32 0.47 1.98 0.49 BD BD 0.39 0.04 
21 3.27 0.44 2.05 0.44 BD BD 0.29 0.04 
23 2.09 0.24 0.95 0.25 BD BD 0.24 0.02 
25 2.06 0.4 1.07 0.41 BD BD 0.27 0.04 
27 1.7 0.39 1.17 0.42 BD BD 0.13 0.04 
29 1.62 0.3 1.24 0.36 BD BD 0.06 0.03 
31 2.46 0.44 1.4 0.44 BD BD 0.03 0.05 
33 3.27 0.42 0.96 0.62 BD BD 0.06 0.05 
35 1.62 0.3 0.15 0.43 7.37 4.09 0.07 0.04 
37 1.67 0.34 0.53 0.5 BD BD 0 0 
39.00 1.48 0.36 0.02 0.43 BD BD 0.10 0.05 
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RI-SB-4 
  Pb-210   
xs Pb-
210 
  Be-7   Cs-137   
  46.5       477.6   661.6   
Midpoint Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
0.5 11.24 1.05 9.97 1.05 BD BD 0.44 0.08 
1.5 13.67 1.15 12.45 1.18 6.06 11.49 0.4 0.06 
2.5 12.32 1.03 10.91 1.03 BD BD 0.36 0.06 
3.5 10.01 0.9 8.65 0.93 6.43 12.11 0.32 0.06 
4.5 8.09 0.62 6.61 0.65 7.97 4.96 0.28 0.02 
5.5 8.29 0.74 6.48 0.86 BD BD 0.32 0.06 
6.5 8.47 0.74 6.95 0.74 7.32 11.31 0.31 0.05 
7.5 8.72 0.74 7.12 0.79 BD BD 0.31 0.05 
8.5 6.38 0.59 4.76 0.6 8.07 10.84 0.21 0.05 
9.5 4.2 0.35 2.69 0.47 BD BD 0.37 0.03 
10.5 3.71 0.4 2.11 0.52 7.37 5.16 0.29 0.05 
11.5 3.68 0.41 2.11 0.52 BD BD 0.29 0.06 
12.5 2.67 0.33 1.17 0.34 22.42 11.86 0.19 0.05 
13.5 2.4 0.22 0.92 0.32 8.02 6.3 0.19 0.02 
14.5 3.15 0.34 1.55 0.42 BD BD 0.14 0.04 
15.5 1.95 0.3 0.49 0.38 3.08 9.62 0.05 0.04 
16.5 1.64 0.3 0.25 0.34 BD BD 0.02 0.04 
17.5 1.52 0.28 0.04 0.38 4.2 9.24 0.02 0.04 
18.5 1.43 0.26 0.12 0.29 5.26 10.63 0.03 0.04 
19.5 1.09 0.17 -0.12 0.23 8.14 6.69 0 0 
20.5 1.13 0.25 -0.04 0.36 4.72 12.17 0 0 
21.5 1.11 0.15 -0.1 0.18 BD BD 0.01 0.02 
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DH-S17 
  Pb-210   
xs Pb-
210 
  Be-7   Cs-137   
  46.5       477.6   661.6   
Midpoint Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
Activity 
err 
(+/-) 
0.50 11.54 0.92 10.24 0.93 10.94 1.64 0.37 0.03 
1.50 11.93 1.02 10.46 1.02 11.86 2.11 0.35 0.05 
2.50 12.57 1.18 11.09 1.32 2.81 2.02 0.30 0.07 
3.50 11.55 1.11 10.23 1.14 5.65 2.11 0.46 0.07 
4.50 10.52 0.83 9.38 0.83 4.77 1.07 0.35 0.03 
5.50 8.90 0.78 7.30 0.79 3.84 1.33 0.35 0.04 
6.50 5.77 0.62 4.35 0.67 1.99 1.46 0.21 0.05 
7.50 7.29 0.62 5.96 0.63 3.36 1.15 0.21 0.03 
8.50 11.80 0.98 10.29 1.00 3.27 1.42 0.29 0.04 
9.50 9.18 0.84 7.88 0.85 2.33 1.65 0.29 0.05 
11.00 8.11 0.78 6.78 0.78 1.10 1.10 0.32 0.05 
13.00 10.52 0.93 9.14 0.95 BD BD 0.39 0.05 
15.00 11.91 1.02 10.64 1.06 BD BD 0.37 0.05 
17.00 8.77 0.83 7.44 0.84 1.29 1.76 0.26 0.05 
19.00 3.12 0.42 1.99 0.43 0.90 0.90 0.07 0.04 
21.00 6.06 0.55 4.78 0.57 1.09 1.18 0.23 0.03 
23.00 12.26 1.04 10.27 1.10 BD BD 0.22 0.05 
25.00 10.99 1.01 9.66 1.02 2.41 2.08 0.33 0.06 
27.00 11.41 0.95 10.11 0.96 BD BD 0.35 0.04 
29.00 11.31 0.97 9.77 0.97 BD BD 0.35 0.05 
31.00 7.26 0.60 5.86 0.63 2.03 0.76 0.23 0.03 
APPENDIX G: SEDIMENT ACCUMULATION RATES AND AGES 
Core 
SAR 
(cm/month
) Be-7 
Error 
(cm/month) 
Rate 
Age - 
Simple 
Model 
Age-Simple 
Model (Yrs 
Before 
Collection) 
Depth 
Midpoin
t 
DH-S17 2.27 ±0.49 
Applied 
from 0-12 
cm 
2014.6 0.0 0.5 
2014.6 0.1 1.5 
2014.6 0.1 2.5 
2014.5 0.1 3.5 
2014.5 0.2 4.5 
2014.5 0.2 5.5 
2014.4 0.3 6.5 
2014.4 0.3 7.5 
2014.3 0.3 8.5 
2014.3 0.4 9.5 
Core 
SAR 
(cm/yr) 
Pb-210 
Error 
(cm/yr) 
Rate 
Age - 
Simple 
Model 
Age-Simple 
Model (Yrs 
Before 
Collection) 
Depth 
Midpoin
t 
 
 
 
 
 
 
 
 
 
CSI-N-5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.37 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
±0.04 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Applied 
from 5-20 
cm 
 
 
 
 
 
 
 
 
 
 
 
 
2011.3 2.7 5.5 
2008.6 5.4 6.5 
2005.9 8.1 7.5 
2003.2 10.8 8.5 
2000.5 13.5 9.5 
1997.8 16.2 10.5 
1995.1 18.9 11.5 
1992.4 21.6 12.5 
1989.7 24.3 13.5 
1987.0 27.0 14.5 
1984.3 29.7 15.5 
1978.9 35.1 17.0 
1973.5 40.5 19.0 
1968.1 45.9 21.0 
1962.7 51.4 23.0 
1957.3 56.8 25.0 
1951.9 62.2 27.0 
1946.5 67.6 29.0 
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CSI-N-5 
 
 
0.37 
 
 
±0.04 
 
Applied 
from 5-20 
cm 
1941.1 73.0 31.0 
1935.7 78.4 33.0 
1930.3 83.8 35.0 
1924.9 89.2 37.0 
1919.5 94.6 39.0 
Core 
SAR 
(cm/yr) 
Pb-210 
Error 
(cm/yr) 
Rate 
Age - 
Simple 
Model 
Age-Simple 
Model (Yrs 
Before 
Collection) 
Depth 
Midpoin
t 
CSI-S-5 0.26 ±0.02 
Applied 
from 5-20 
cm 
2010.2 3.8 5.5 
2006.4 7.7 6.5 
2002.5 11.5 7.5 
1998.7 15.4 8.5 
1994.8 19.2 9.5 
1991.0 23.1 10.5 
1987.1 26.9 11.5 
1983.3 30.8 12.5 
1979.4 34.6 13.5 
1975.6 38.5 14.5 
1971.7 42.3 15.5 
1964.1 50.0 17.0 
1956.4 57.7 19.0 
1948.7 65.4 21.0 
1941.0 73.1 23.0 
1933.3 80.8 25.0 
1925.6 88.5 27.0 
1917.9 96.2 29.0 
Core 
SAR 
(cm/yr) 
Pb-210 
Error 
(cm/yr) 
Rate 
Age - 
Simple 
Model 
Age-Simple 
Model (Yrs 
Before 
Collection) 
Depth 
Midpoin
t 
 
 
 
 
 
RI-SB-4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
± 0.01 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Applied 
from 0-20 
cm 
 
 
 
 
 
 
 
 
 
2005.6 8.3 0.5 
1997.3 16.7 1.5 
1989.0 25.0 2.5 
1980.6 33.3 3.5 
1972.3 41.7 4.5 
1964.0 50.0 5.5 
1955.6 58.3 6.5 
1947.3 66.7 7.5 
1939.0 75.0 8.5 
1930.6 83.3 9.5 
1922.3 91.7 10.5 
1914.0 100.0 11.5 
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RI-SB-4 
 
 
 
0.12 
 
 
 
± 0.01 
 
Applied 
from 0-20 
cm 
1905.6 108.3 12.5 
1897.3 116.7 13.5 
1889.0 125.0 14.5 
1880.6 133.3 15.5 
1872.3 141.7 16.5 
1864.0 150.0 17.5 
Core 
SAR 
(cm/yr) 
Pb-210 
Error 
(cm/yr) 
Rate 
Age - 
Simple 
Model 
Age-Simple 
Model (Yrs 
Before 
Collection) 
Depth 
Midpoin
t 
RI-SB-4 0.37 ± 1.0 
Applied 
from 0-8 
cm 
2011.3 2.7 0.5 
2008.6 5.4 1.5 
2005.9 8.1 2.5 
2003.2 10.8 3.5 
2000.5 13.5 4.5 
1997.8 16.2 5.5 
1995.1 18.9 6.5 
1992.3 21.6 7.5 
1989.6 24.3 8.5 
1986.9 27.0 9.5 
1984.2 29.7 10.5 
1981.5 32.4 11.5 
1978.8 35.1 12.5 
1976.1 37.8 13.5 
1973.4 40.5 14.5 
1970.7 43.2 15.5 
1968.0 45.9 16.5 
1965.3 48.6 17.5 
Core 
SAR 
(cm/yr) 
Pb-210 
Error 
(cm/yr) 
Rate 
Age - 
Simple 
Model 
Age-Simple 
Model (Yrs 
Before 
Collection) 
Depth 
Midpoin
t 
 
 
 
 
 
RI-SB-4 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.08 
 
 
 
 
 
 
 
 
 
 
 
 
 
± 0.01 
 
 
 
 
 
 
 
 
 
 
 
 
Applied 
from 8-20 
cm 
 
 
 
 
 
 
 
2001.5 12.5 0.5 
1989.0 25.0 1.5 
1976.5 37.5 2.5 
1964.0 50.0 3.5 
1951.5 62.5 4.5 
1939.0 75.0 5.5 
1926.5 87.5 6.5 
1914.0 100.0 7.5 
1901.5 112.5 8.5 
1889.0 125.0 9.5 
1876.5 137.5 10.5 
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RI-SB-4 
 
 
 
0.08 
 
 
 
± 0.01 
 
 
Applied 
from 8-20 
cm 
1864.0 150.0 11.5 
1851.5 162.5 12.5 
1839.0 175.0 13.5 
1826.5 187.5 14.5 
1814.0 200.0 15.5 
1801.5 212.5 16.5 
1789.0 225.0 17.5 
 
 
APPENDIX H: LONG-TERM WIND DATA FOR HATTERAS, NORTH CAROLINA 
Percentage of Daily Wind Greater/Equal to 4.47 m/s (8.69 knots) for Cape Hatteras Weather 
Office, NC 
Year Days Measured 
Number of Days Greater/Equal to 
4.47 m/s 
Total Percentage 
Greater/Equal to 4.47 m/s 
1960 366 199 54.37% 
1961 365 260 71.23% 
1962 365 219 60.00% 
1963 365 216 59.18% 
1964 366 192 52.46% 
1965 365 164 44.93% 
1966 365 223 61.10% 
1967 365 264 72.33% 
1968 366 204 55.74% 
1969 365 266 72.88% 
1970 365 278 76.16% 
1971 365 249 68.22% 
1972 366 271 74.04% 
1973 365 226 61.92% 
1974 365 220 60.27% 
1975 365 143 39.18% 
1976 366 187 51.09% 
1977 365 145 39.73% 
1978 365 196 53.70% 
1979 365 203 55.62% 
1980 366 208 56.83% 
1981 365 226 61.92% 
1982 365 211 57.80% 
1983 365 219 60.00% 
1984 366 215 58.74% 
1985 365 193 52.88% 
1986 365 172 47.12% 
1987 365 151 41.37% 
1988 366 160 43.72% 
1989 365 123 33.70% 
Percentage of Daily Wind Greater/Equal to 4.47 m/s (8.69 knots) for Cape Hatteras Weather 
Office, NC 
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Year Days Measured 
Number of Days Greater/Equal to 
4.47 m/s 
Total Percentage 
Greater/Equal to 4.47 m/s 
1990 365 127 34.79% 
1991 365 172 47.12% 
1992 366 193 52.73% 
1993 365 256 70.14% 
1994 365 232 63.56% 
1995 365 218 59.73% 
1996 366 173 47.27% 
1997 365 166 45.48% 
1998 365 130 35.62% 
1999 365 155 42.47% 
2000 366 163 44.54% 
2001 365 124 33.97% 
2002 365 152 41.64% 
2003 365 142 38.90% 
2004 366 151 41.26% 
2005 361 140 38.78% 
2006 365 128 35.07% 
2007 365 128 35.07% 
2008 366 123 33.61% 
2009 365 116 31.78% 
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Average Windiest Years (% of the Year >/= 4.47 m/s) 
 
 
(1960-2009) 
 
 
76.16% 1970 
 
 74.04% 1972  
 72.88% 1969  
 72.33% 1967  
 71.23% 1961  
 70.14% 1993  
 68.22% 1971  
 63.56% 1994  
 61.92% 1973  
 61.92% 1981  
 61.10% 1966  
 60.27% 1974  
 60% 1962  
 60% 1983  
 59.73% 1995  
 59.18% 1963  
 58.74% 1984  
 56.99% 1982  
 56.83% 1980  
 55.74% 1968  
 55.62% 1979  
 54.37% 1960  
 53.70% 1978  
 52.88% 1985  
 52.73% 1992  
 52.46% 1964  
 51.09% 1976  
 47.27% 1996  
 47.12% 1986  
 47.12% 1991  
 45.48% 1997  
 44.93% 1965  
 
Average Windiest Years (% of the Year >/= 4.47 m/s) 
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(1960-2009) 
 
 44.54% 2000  
 43.72% 1988  
 42.47% 1999  
 41.64% 2002  
 41.37% 1987  
 41.26% 2004  
 39.73% 1977  
 39.18% 1975  
 38.90% 2003  
 38.78% 2005  
 35.62% 1998  
 35.07% 2006  
 35.07% 2007  
 34.79% 1990  
 33.97% 2001  
 33.70% 1989  
 33.61% 2008  
 31.78% 2009  
 
Windiest Decades (1960s-2000s) Average from Daily Averages 
 
 1960s 60.42%  
 1970s 57.99%  
 1980s 51.41%  
 1990s 49.89%  
 2000s 37.46%  
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Average Wind Direction For Winds > 10 mph (Amount of Days/Year) - Hatteras, NC 
Year E E-NE 
E-
SE 
N 
N-
NE 
N-
NW 
NE NW S 
S-
SE 
S-
SW 
SE SW W  
W-
NW 
W-
SW 
1960 13 10 12 0 7 7 19 6 8 15 17 6 39 13 15 12 
1961 11 17 10 2 2 8 16 13 17 18 23 10 40 20 15 38 
1962 11 9 11 2 12 9 12 6 23 13 25 13 27 9 9 28 
1963 6 20 9 2 13 8 35 8 11 8 20 6 27 9 11 23 
1964 12 16 13 0 4 2 26 2 15 8 15 8 26 11 9 25 
1965 7 11 6 0 14 2 17 1 10 4 33 6 29 6 6 12 
1966 5 10 20 3 13 7 15 8 24 11 30 9 32 13 9 14 
1967 12 15 16 2 24 8 12 4 16 12 33 13 53 15 12 17 
1968 5 9 9 3 15 6 8 12 16 12 13 6 36 20 8 26 
1969 13 18 11 0 16 6 32 16 18 16 26 10 37 12 18 17 
1960s 9.5 13.5 11.7 1.4 12 6.3 19.2 7.6 15.8 11.7 23.5 8.7 34.6 12.8 11.2 21.2 
1970 16 21 22 0 16 3 28 2 20 24 22 10 50 14 12 18 
1971 6 26 13 0 13 3 22 4 17 16 20 15 43 12 13 26 
1972 10 16 12 0 14 2 40 7 21 15 27 17 38 12 6 34 
1973 3 13 11 1 22 2 13 14 11 5 15 11 33 24 8 40 
1974 4 12 11 0 11 4 21 7 15 11 17 11 44 11 13 28 
1975 10 8 4 0 6 2 9 5 6 7 21 9 24 8 5 19 
1976 8 6 9 1 8 0 14 6 24 14 16 6 29 9 6 31 
1977 1 8 8 0 2 3 7 10 10 8 7 3 18 13 7 40 
1978 9 10 17 0 12 2 25 7 10 14 19 6 27 7 10 21 
1979 8 12 6 0 10 1 24 7 16 13 24 4 32 11 9 26 
1970s 7.5 13.2 11.3 0.2 11.4 2.2 20.3 6.9 15 12.7 18.8 9.2 33.8 12.1 8.9 28.3 
1980 13 10 15 1 15 5 19 5 12 11 11 11 29 9 7 35 
1981 7 16 15 0 17 5 18 11 13 8 18 10 26 15 15 32 
1982 10 12 14 0 15 1 31 4 17 7 15 12 40 10 6 17 
1983 17 13 9 0 3 1 28 6 15 15 18 12 35 7 16 24 
1984 10 14 9 0 9 5 12 13 12 11 24 5 42 17 10 22 
1985 15 7 9 0 4 2 17 15 11 9 15 12 21 20 7 29 
1986 8 14 12 0 6 1 15 4 10 12 15 8 27 13 9 18 
1987 11 7 7 0 6 4 15 9 13 9 9 10 15 7 11 18 
1988 11 8 7 0 6 0.00 25 5 17 3 17 7 25 10 3 16 
1989 5 9 5 0 8 3 21 6 7 6 9 6 17 5 3 13 
1980s 10.7 11 10.2 0.1 8.9 2.7 20.1 7.8 12.7 9.1 15.1 9.3 27.7 11.3 8.7 22.4 
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1990 5 9 9 0 4 1.00 13 8 7 13 15 3 22 5 4 9 
1991 16 9 10 0 6 4 18 7 4 11 15 9 25 8 8 22 
1992 12 20 9 1 7 0 22 10 12 14 16 11 27 10 10 12 
1993 9 14 22 1 8 4.00 26 8 29 11 20 17 44 13 6 24 
1994 10 14 16 1 12 2 20 5 13 12 20 12 42 13 10 30 
1995 11 11 12 0 16 2 20 10 20 17 17 9 31 10 15 17 
1996 6 11 7 0 5 0 11 3 13 7 26 13 37 8 13 13 
1997 5 9 12 0 4 0 22 5 9 8 8 9 42 6 11 16 
1998 3 8 3 0 9 0 14 4 13 9 9 7 21 4 6 20 
1999 7 4 3 0 9 6 19 3 11 11 16 3 40 4 5 14 
1990s 8.4 10.9 10.3 0.3 8 1.9 18.5 6.3 13.1 11.3 16.2 9.3 33.1 8.1 8.8 17.7 
2000 4 3 3 0 17 0 14 3 14 4 17 4 47 8 13 12 
2001 2 2 7 0 7 1 10 1 10 14 19 8 22 5 9 7 
2002 6 7 13 0 8 1 15 6 7 9 12 6 30 6 7 19 
2003 5 6 6 0 10 0 15 4 9 5 13 7 22 12 6 22 
2004 7 5 4 0 8 3 7 3 15 8 23 10 34 8 4 12 
2005 5 7 7 2 4 2 11 5 21 6 13 5 19 11 7 15 
2006 3 4 5 0 7 0 11 6 9 5 11 7 34 7 6 13 
2007 1 5 3 0 8 0 12 8 7 7 10 2 20 9 10 26 
2008 3 3 4 0 10 2 9 6 6 4 15 10 25 2 8 16 
2009 3 7 4 0 2 1 11 4 5 5 9 5 30 6 6 18 
2000s 3.9 4.9 5.6 0.2 8.1 1 11.5 4.6 10.3 6.7 14.2 6.4 28.3 7.4 7.6 16 
 
